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INFLUENCE OF pH AND TEMPERATURE ON MYOSIN INACTIVATION: 


GERARD E. PELLETIER? AND Lupovic OUELLET® 


ABSTRACT 


The inactivation of myosin adenosine triphosphatase activity was studied in 0.6 M potassium 
chloride solution at pH ranging from 7.0 to 10.6 and for 5° C to 40° C. The inactivation is a 
first-order process with respect to time and 0.6th order with respect to the concentration 
of protein. The rate of inactivation is independent of the pH for pH 7.0 to pH 8.5 at 35° C 
and increases rapidly with pH at higher pH. At 12° C, close to pH 10.4, the rate is inversely 
proportional to the 4.5th power of the hydrogen ion concentration. The energies of activation 
are 56 kcal mole~ at pH 8.0 and 58 kcal mole“! at pH 10.5. A discussion of the data stresses 
the importance of structural changes and indicates a possible role for the electrostatic charge 
in the inactivation process. 


INTRODUCTION 


The enzymatic activity of myosin, a muscular protein and an adenosine triphosphatase, 
increases with pH up to pH 9.3 at 25° C (1). The rapid decrease in activity at a higher 
pH was attributed by Blum (2) to enzyme inactivation. A maximum in enzymatic 
activity is not obtained. This work on myosin inactivation was necessitated to define 
the region of pH in which the kinetics of the adenosine triphosphatase activity of protein 
could be studied at different temperatures. 

In a previous preliminary study (3), the inactivation was shown to be a first-order 
process with a high energy of activation. Adenosine triphosphate (ATP) decreases the 
rate of inactivation at pH 7.0. Mommaerts and Green (4) have reported on the stability 
of myosin on storage and noted that the myosin solutions are more stable at higher 
protein concentrations. The influence of calcium ions was also indicated. Poglasov and 
his collaborators (5) have suggested that heat denaturation occurs along with a decrease 
in the number of free sulphydryl groups. Yasui and his group (6, 7) have found that 
the rate of inactivation is pH independent from pH 5.7 to pH 8.9 and that the energy 
of activation is 57 kcal mole. Protection by pyrophosphate was also reported by these 
authors. 


EXPERIMENTAL 
Reagents 
Rabbit muscle myosin of the Weber-Edsall type (8) was used throughout these experi- 
ments. Protein concentrations were determined by a micro-Kjehldahl nitrogen deter- 
mination method (9). The myosin had on the average a specific activity of 5.110-* 
moles of ATP hydrolyzed per second per gram of protein, in 0.6 M potassium chloride, 


1 Manuscript received Ocobter 24, 1960. 
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0.01 M calcium chloride, and 0.1 &@ THAM, at pH 7.5, at 25° C. Myosin preparations 
were stored in 0.6 M potassium chloride at 4° C and their activity was checked periodi- 
cally. 

The disodium salt of adenosine triphosphate (Pabst Laboratories, Milwaukee, Wis- 
consin) was used throughout these experiments. 

Potassium chloride, sodium chloride, calcium chloride, trichloroacetic acid, potassium 
carbonate (anhydrous), and potassium bicarbonate were certified reagents. Tris(hydroxy- 
methyl)aminomethane (THAM) was a purified reagent. Glycine and acetic acid were of 
the reagent grade. All solutions were made in glass-distilled water. 

All reactions were carried out in buffered solutions containing 0.6 mole per liter of 
potassium chloride and 0.1 mole per liter of a suitable buffer. For pH values ranging 
from 7.5 to 9.0, a solution of THAM (pK, 8.5 at 25°C) and acetic acid was used as 
buffer. Glycine (pK, 10.3 at 0° C) — sodium hydroxide was used at higher pH’s. These 
buffers were adjusted to the required pH at each temperature by addition of concen- 
trated solutions of acetic acid or sodium hydroxide, pH values being read off a Beckman 
pH meter, model GS, equipped with shielded exterior electrodes (Beckman No. 1440). 
No salt-effect correction was applied. 


Procedure 

Activity Determination 

The activity of the enzyme was determined by allowing a solution of myosin to 
catalyze the hydrolysis of ATP in the presence of 0.012 M calcium ions, the number of 
moles of inorganic phosphate produced per liter per second at pH 8.5 and 12°C taken 
as a measure of the enzyme activity. A 5-ml sample of a myosin solution whose activity 
was to be measured was pipetted into 20 ml of a THAM buffer containing 0.012 mole 
per liter of calcium chloride, incubated in a constant-temperature bath at 12°C and 
adjusted at pH 8.5. The resultant concentrations were such that the concentration of 
ATP was much greater than K,, the Michaelis constant. The hydrolysis reaction was 
followed by pipetting at measured intervals of time 5-ml samples of the reaction mixture 
into 3 ml of a 20% solution of trichloroacetic acid, filtering the precipitated myosin, 
and determining phosphate concentrations in the filtrate by the Fiske and SubbaRow 
method (10) using a Beckman DU spectrophotometer. A plot of phosphate concentration 
against time gave a straight line, the slope of which was proportional to the activity 
of the enzyme. 


Inactivation Rates 

The inactivation of myosin was studied by incubating a solution of the enzyme in a 
buffer at the required temperature and pH and following its activity as a function of 
time. A flask containing 95 ml of a buffer, THAM or glycine, was placed in a constant- 
temperature bath and the pH of the solution was adjusted to the required value. Five 
milliliters of a stock solution of myosin was added and the resulting mixture thoroughly 
mixed by swirling of the flask. At measured intervals of time 5-ml samples were with- 
drawn and pipetted into a flask containing 20 ml of a THAM buffer at pH 8.5 and 
12° C, and containing 0.012 mole of calcium chloride per liter. 

The activity of each sample was then measured as described previously by reaction 
with ATP. Results presented later in the investigation show that under these conditions 
of pH and temperature no appreciable inactivation occurs. The above THAM buffer 
therefore served the dual purpose of stopping the inactivation rate and acting as a 
medium for activity determinations. 
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The logarithms of the myosin activity were then plotted against the time that the 
enzyme was exposed under the conditions of pH and temperature studied and the half- 


life was determined from these graphs. The inactivation rate constant (kp) was calculated 
from the half-life of the enzyme. 


RESULTS AND DISCUSSION 

Order of the Reaction 

As suggested by Letort (11) a distinction should be made for complex reactions between 
the order with respect to time and that with respect to concentration. This can readily 
be accomplished experimentally by applying van’t Hoff’s differential method to data 
for a single-rate determination to obtain the order with respect to time, and by applying 
the same method to the initial conditions of rate and concentration for a series of 
individual reactions to obtain the order with respect to concentration. 

Figure 1 represents typical results obtained when the percentage of the initial myosin 
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Fic. 1. Logarithms of the activity of myosin, in percentage of initial activity, as a function of time 
under different conditions. 


activity, which is proportional to the percentage of the initial myosin concentration, 
was plotted against the time that the myosin was exposed to the indicated conditions 
of temperature and pH, at a protein concentration of 0.6 gram per liter. The straight 
lines obtained indicate adherence to first-order kinetics with respect to time. In some 
cases (e.g. curve b) reactions were followed to over 90% completion without departure 
from linearity in the log activity versus time plot. In similar experiments Yasui e¢ al. 
(6, 7) have observed a drift towards second-order kinetics as the reaction proceeds. This 
difference in behavior could be attributed to slightly different myosin preparations or 
to the fact that Yasui et al. used a THAM-maleate buffer whereas we used a THAM- 
acetate buffer. 

The order with respect to concentration is, however, more complex. Figure 2 shows 
the results obtained when the logarithms of the initial inactivation rates were plotted 
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Fic. 2. Determination of the order of the inactivation reaction of myosin with respect to concentration; 
V is in arbitrary units and [E]o, the initial concentration of myosin is in grams per liter. 


against the logarithms of the initial concentrations for a series of inactivation reaction 
at pH 10.5 and 12.6°C over a 20-fold range of enzyme concentrations extending from 
0.03 gram per liter to 0.6 gram per liter. The slope of the curve obtained is less than 
unity, giving a fractional order with respect to concentration, of about 0.6 to 0.7. Although 
most investigations on protein denaturation include only the order with respect to time, 
which is usually one, departure from first-order kinetics with respect to concentration 
(and even with respect to time) is not unfamiliar. Orders of less than one with respect 
to concentration have been reported in particular for the denaturation of tobacco mosaic 
virus (12) and potato B-amylase (13). Protection by a substance present in the protein 
preparation could explain the above behavior. Such a scheme has been proposed by 
Lauffer to explain his results on tobacco mosaic virus (12). 


Influence of Calcium Chloride 

In the presence of 0.005 M calcium chloride at 11.8°C at pH 10.5 the half-life of 
myosin was found to be 2.7 X10* sec while it is 1.210* sec at the same protein con- 
centration (0.6 gram per liter) under identical conditions in the absence of added calcium 
chloride. This would suggest an interaction between calcium ions and an area of the 
protein sensitive to inactivation. 


Influence of pH 

In common with other denaturation processes the rate of inactivation of myosin was 
found to be markedly dependent on the hydrogen ion concentration. Figure 3 shows the 
dependence of the logarithm of the first-order inactivation constant kp of myosin on 
the pH of the solution at 34.7°C at a protein concentration of 0.6 gram per liter. As 
previously shown by Yasui (6, 7) the inactivation rate is practically independent of 
pH from pH 7.5 to pH 8.5. Above pH 8.5, however, the inactivation rate increases 
sharply with pH. Points on the curve between pH 9.2 and pH 9.64 give a straight line 
of slope 1.35. Above pH 10, myosin is inactivated so rapidly that rates are difficult to 
measure at 35°C. Accordingly, above this pH, inactivation was studied at a lower 
temperature. Figure 4 shows the results obtained at 11.8° C from pH 10.25 to pH 10.62. 
The slope of the curve obtained has a value of approximately 4.5. 
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Fic. 3. Variation of the inactivation constant kp (in sec™) as u function of pH at 34.7° C. 
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Fic. 4. Variation of kp (in sec) as a function of pH at 11.8° C at high pH. 
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Influence of Temperature 
The variation of the rate of inactivation of myosin with temperature follows the 
usual Arrhenius law. Figure 5 gives the usual plot of log kp versus 1/7. The energy of 
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Fic. 5. Influence of temperature on the inactivation rate of myosin. 


activation is 56 kcal mole“ at pH 8.0 and 58 kcal mole“ at pH 10.5. The data at pH 
8.0 were obtained from 30 to 40° C and those at 10.5 from 5 to 15° C. Using the well- 
known Eyring’s relation, the entropies of activation are calculated to be 107 cal deg 
mole! at pH 8.0 and 137 cal deg mole at pH 10.5. These large energies and entropies 
of activation are normal for enzyme inactivation and protein denaturation. For myosin, 
Yasui et al. (7) have reported an energy of activation of 57 kcal mole! at pH 7.5, a 
value in line with ours. 

The discussion of the effects of hydrogen ion concentration and temperature should 
refer to the classical work of Levy and Benaglia (14). The basic hypothesis is made 
that the protein exists in different ionic states, dependent on the pH, and that each 
species has a different inactivation rate constant. 

The fact that the order increases monotonously at almost five with respect to hydroxyl 
ion concentration would indicate that the lowest pK of ionization is larger than 10. The 
fractional order would suggest that a plot of 1/Rp{H*]* vs. [H+] might yield the ionization 
constant. However, pH measurements are not accurate enough to justify such operations. 

The energy of activation of 56 kcal mole! comes within 10 kcal of the accepted value 
(67 kcal) for the S—S bond (15). Although the idea of the breaking of a single bond 
to form the active complex is attractive, it is difficult to imagine that the breaking of 
a cystine bridge should involve such a large entropy change in the activated state. The 
breaking of several low-energy bonds, possibly accompanied by dehydration, might 
correspond to the structural changes usually mentioned in connection with this phenom- 
enon. It would require, for example, the breaking of a large number of hydrogen bonds 
to lower the energy of activation to a reasonable value. These could be expressed as a 
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series of equilibrium constants and would participate in the thermodynamics of formation 
of the activated complex as long as the concentration of the species is small compared 
with the total concentration of the enzyme. We believe that such structural changes 
are important in the case of myosin. This could be accompanied by considerable dehydra- 
tion as advanced by Klotz (16). 

At higher pH, the dependence of the rate on hydrogen ion concentration forces us to 
consider the proton dissociation. As the proteinic groups ionizing in alkaline solutions 
(SH, OH, phenol, NH;*) have heats of ionization from 6 to 13 kcal mole (17), four 
to five of these could explain a major part if not all of the energy of activation of 58 
kcal mole. 

A group with a pK of ionization higher than 10 has a standard free energy of ionization 
larger than 13 kcal mole. This value, combined with the above heats of ionization, 
leads to a negative entropy of ionization, which is in line with the reported values (18, 19). 

If the reference state for myosin is taken as the five times ionized species, rather than 
the non-ionized species, the energy of activation is drastically reduced but the entropy 
of activation is increased. A plausible interpretation would then involve structural 
changes possibly similar to those postulated at lower pH. Structural changes possibly 
pertaining to inactivation at high pH have been described by Blum (2). 

It is also possible that the ionization of specific groups is less important than the 
charge on the enzyme. A comparison between the curve in Fig. 3 and the curve repre- 
senting the charge on the protein as a function of pH, as published by Mihalyi (20), 
has led to the relation plotted in Fig. 6. The rather good straight line obtained when 
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Fic. 6. Plot of log kp as a function of the square of the charge on myosin, Z?; kp at 34.7° C (Fig. 4), 
Z is read off a figure representing titration data obtained by Mihalyi (20) at 38° C, 


the logarithm of kp is plotted against the square of the charge would indicate that the 
stability of the protein far from its isoionic point depends on its charge. Of course, the 
energy of activation should then be calculated for conditions involving the same charge 
on the protein molecule. With the present data, this is not possible. 


CONCLUSION 
As with all protein denaturation processes, the inactivation of myosin is complex and 
it is difficult to suggest a simple mechanism that would account for all the experimental 
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data. The order of the reaction with respect to concentration can be readily explained 
on the basis of protection but temperature and hydrogen ion concentration effects cannot 
be rationalized by a simple explanation. At low pH’s where the rate is pH independent, 
it seems that structural changes and (or) dehydration are the main factors. At high 
pH’s, however, dissociation most certainly occurs on inactivation. Dissociation in this 
region can account for the high energies of activation observed but cannot explain the 
high entropies of activation obtained. In fact, dissociation would most probably increase 
to a considerable extent the already high entropy terms. Considerable structural changes 
and (or) extensive dehydration of the protein would therefore seem to be required to 
account for the data. If the active center is a small area, the considerable amount of 
structural changes or the large amount of dehydration necessary to account for the 
thermodynamic values obtained suggest that the process measured in these experiments 
is not merely the inactivation of the active center but the denaturation of the protein 
as a whole, leading to a loss of enzymatic activity. The influence of pH could also be 
interpreted as a purely electrostatic effect. 

With regards to the investigation on the influence of hydrogen ion concentration the 
following practical remarks can be made on the stability of myosin ATPase at high 
pH’s. The data show that at pH 10.5 the half-life of myosin is approximately 42,000 
seconds at 0° C, 8000 at 5° C, and 2000 seconds at 10° C. At pH 10.7 the pH dependence 
is such that these figures must be divided by a factor of 8. As a normal kinetic run for 
the measurement of the rate of hydrolysis of ATP takes about 200 seconds, data obtained 
above pH 10.7 would not be reliable except in the vicinity of 0° C. At pH 10.5, the upper 
limit of temperature would be 5° C, while that at pH 10.3, 10° C would be a maximum 
value. Above these limits, any decrease in activity could be attributed to enzyme in- 
activation unless there is a definite protection by the substrate. 
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THE REARRANGEMENT OF 2-IMINO-1,3-OXATHIANE! 


MARCEL MENARD, AVERIL M. WRIGLEY, AND FRANCIS L. CHUBB 


ABSTRACT 


2-Imino-1,3-oxathiolane, in the free state, evolves cyanic acid spontaneously and gives 
rise to ethylene sulphide. This rearrangement is characteristic of all substituted 2-imino-1,3- 
oxathiolanes. It has now been found that rearrangement of the next higher homologue, 
2-imino-1,3-oxathiane, does not give the anticipated trimethylene sulphide but only tris-3- 
mercaptopropyl cyanurate. The mechanism of this rearrangement is discussed. 


Wagner-Jauregg and Haring (1) have reported the synthesis and reactions of a series 
of 2-imino-1,3-oxathiolane hydrochlorides (I) and N-carbamyl-2-imino-1,3-oxathiolanes 
(II). Several of the last-mentioned compounds possessed hypoglycemic activity. They 
also prepared 2-imino-1,3-oxathiane (III) by the action of thiocyanic acid on trimethylene 
oxide. The work herein reported, which describes the preparation of some new derivatives 
of III, was undertaken in the hope of obtaining some new hypoglycemic compounds. 


ic. : oe 
\/ 


| | : | 
NH.HCI N.CONHR NH.HCI 


(I) (II) (IIT) 


n— 


3-Hydroxypropyl thiocyanate was obtained in 55% yield from the corresponding 
chloroalcohol. Cyclization with hydrogen chloride in ether solution at 0° afforded a good 
yield of a water-soluble hydrochloride which was found to be identical with the 2-imino- 
1,3-oxathiane (III) described by Wagner-Jauregg and Haring. On standing, or upon 
heating for a few minutes with glacial acetic acid, II] was transformed into a water- 
insoluble chlorine-containing compound. This rearrangement is similar to that of I 
which is rapidly converted to 2-chloroethylthiol carbamate in boiling acetic acid.. The 
infrared spectrum and analytical data showed that this compound was the analogous 
3-chloropropylthiol carbamate (IV). IV was also obtained by the action of hydrogen 
chloride on 3-hydroxypropyl thiocyanate at room temperature. The reaction of n-butyl 
isocyanate with III in aqueous dioxane yielded the expected N-(butylcarbamy]l)-2- 
imino-1,3-oxathiane (V). 

CH;COOH 
— Cl(CH2);3SCONH: 
(IID) (IV) 





o) 


S 
~— 


N—CON HC,Hy 
(V) 
1Manuscript received October 4, 1960. 
Contribution from the Department of Organic Chemical Research, Frank W. Horner Limited, Montreal, Que. 
Can, J. Chem, Vol. 39 (1961) 
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The reaction of III with potassium cyanate afforded none of the expected N-carbamyl 
derivative, analogous to II, but a crystalline compound having the same empirical for- 
mula as the free 2-imino-1,3-oxathiane. It was found that the compound was also obtained 
by the action of 1 mole of carbonate or hydroxide on III, which suggested that it was a 
rearrangement product. Infrared data showed the presence of the —SH, —C—N—, 
and —C—O—C— groups in the molecule. Of the possible rearrangement products 
tetrahydro-1,3-oxazine-2-thione (VI) seemed the most probable, since rearrangement of 
III to VI could be expected to take place through ring opening and recyclization (2). 
But synthesis of VI by two unequivocal methods (3, 4) gave a compound different from 
the rearrangement product. Acid or basic hydrolysis of the rearrangement product 
yielded cyanuric acid and in the case of acid hydrolysis, an elastic sulphur-containing 
polymer. An elastic polymer was again obtained when the rearrangement product was 
oxidized with hydrogen peroxide, indicating that more than one thiol group may have 
been present in the molecule. 

Finally attempted desulphurization with lead nitrate was unsuccessful, but desul- 
phurization with Raney nickel yielded a solid melting at 30-33°, which was shown to be 
tris-m-propyl cyanurate. This established the structure of the rearrangement product as 
tris-mercaptopropyl cyanurate (VII). 


fs, O(CH:);SH 
O NH 
i N N 
& HS(CH:);0—\_)—O(CH,):SH 
(VI) (VII) 


That 2-imino-1,3-oxathiolanes are intermediates in the conversion of ethylene oxides 
to episulphides has been shown by Van Tamelen (5) and Price and Kirk (6). The mecha- 
nism of the conversion of 2-imino-1,3-oxathiolanes to episulphides as proposed by Van 
Tamelen is shown below. The abnormal behavior of 2-imino-1,3-oxathiane, compared 
with the corresponding oxathiolanes, can be easily understood in terms of this mechanism. 
Once the ring has opened to form the mercaptoalkyl cyanate (VIII) two reactions are 
possible. Alkyl cyanates are unstable substances which normally trimerize to cyanurates. 
However, another competing reaction is the backside attack of the sulphur atom on the 
adjacent carbon to form an episulphide. In the case of the mercaptoethyl cyanate the 
trans conformation of the intermediate is energetically favored and steric conditions for 
the Sy2 displacement of the cyanate ion by sulphur are favorable. Hence formation of 
the episulphide is expected to predominate. This is in accord with the results of Van 
Tamelen (5) and Price and Kirk (6), who have isolated good yields of episulphides by the 
treatment of 2-imino-1,3-oxathiolanes with base. In the case of the mercaptopropy] inter- 
mediate (IX) the steric requirements for the formation of the four-membered sulphide 
ring are not so easily fulfilled as is shown by the slow rate of formation of trimethylene 
oxides as compared with ethylene oxides (7). The trimerization reaction might be ex- 
pected to be faster in this case, and this is confirmed by formation of VII from III in 
80% yield. 
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EXPERIMENTAL 


Melting points are uncorrected. Microanalyses were performed by E. Thommen, 
Thannerstrasse 45, Basel, Switzerland. 


3-Hydroxypropyl Thiocyanate 

To a boiling solution of 130 g (1.3 moles) of potassium thiocyanate in 340 ml of 95% 
ethanol, 94.5 g (1 mole) of 3-chloropropanol was slowly added. After the mixture was 
stirred and refluxed for 4 hours it was allowed to stand overnight. Following the evapora- 
tion of about 250 ml of ethanol on the steam cone 500 ml of water was added and the 
solution was extracted with 3150 ml ether. The combined organic layers were washed 
with water, dried, and concentrated. Distillation of the residue yielded 64.5 g (55%) of 
3-hydroxypropyl thiocyanate, boiling at 140—150° under a pressure of 25 mm. No analysis 
is reported for this compound since it is unstable like the corresponding 2-hydroxyethyl 
thiocvanate (6). 


2-Imino-1,3-oxathiane Hydrochloride 

An excess of dry hydrogen chloride was passed through a solution of 41 g of 3-hydroxy- 
propyl thiocyanate in 200 ml of anhydrous ether at 0° in an ice bath. After standing for 
1 hour the crystalline hydrochloride was filtered and washed with ether. A yield of 
47 g (87%), m.p. 88° (lit. m.p. 81.5-83°), was obtained. 


3-Chloropropylthiol Carbamate 

(a) From 3-hydroxypropyl thiocyanate-—An excess of dry hydrogen chloride was 
passed through 21 g of 3-hydroxypropyl thiocyanate at room temperature. The solid 
was broken up, suspended in ether, and treated again with dry hydrogen chloride. Fil- 
tration of the solid and recrystallization from water gave 19.2 g (70%) of colorless plates 
melting at 101-102°. Anal. Calculated for CsHsONSCI: C, 31.27; H, 5.25; N, 9.12%. 
Found: C, 31.63; H, 5.26; N, 9.07, 9.27%. Infrared spectrum: maxima at 3580, 3475 
cm~! (N—H), and 1700, 1590 cm (amide I and IT). 

(b) From 2-imino-1,3-oxathiane hydrochloride.—A mixture of 5 g of 2-imino-1,3-oxa- 
thiane hydrochloride and 25 ml of glacial acetic acid was stirred and heated on the steam 
bath for 1 hour. Water was added to the cooled solution and the crystalline thiolcarbam- 
ate was filtered and recrystallized from water to give 2.9 g (58%) of colorless plates 
melting at 101—102°, not depressed on admixture with a sample prepared according 
to (a). 

N-( Butylcarbamyl )-2-imino-1 ,3-oxathiane 

2-Imino-1,3-oxathiane hydrochloride (2 g) and butyl isocyanate (1.3 g) were slurried 

in 10 ml of dioxane. Anhydrous sodium carbonate (1 g) was added and the mixture was 
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stirred and heated to 60° but with no reaction. After the addition of 10 ml of water, 
heat was evolved and an oil separated. Stirring was continued for 15 minutes, a further 
20 ml of water was added, and the mixture was extracted with ether (3X10 ml). The 
combined organic layers were washed with water, dried, and concentrated. Repeated 
recrystallization of the residue from ethyl acetate — petroleum ether gave 1.7 g (60%) of 
a white powder melting at 91-92°. Anal. Calculated for CyH,.02N.S: C, 49.59; H, 7.46; 
N, 12.95%. Found: C, 49.96; H, 7.56; N, 13.80%. 


Tris-3-mercaptopropyl Cyanurate 

An aqueous solution of 1 equivalent of either potassium cyanate, potassium acetate, 
or sodium carbonate was added all at once to a freshly prepared solution of 1 equivalent 
of 2-imino-1,3-oxathiane hydrochloride in water. An exothermic reaction took place 
and a white precipitate soon appeared. After standing for 1 hour the solid was filtered 
and recrystallized from 95% ethanol to give a 75% yield of colorless needles melting 
at 97°. A slow titration of 2-imino-1,3-oxathiane hydrochloride in the cold with 1 N 
sodium hydroxide yielded the same compound. Anal. Calculated for Cj2H2:03N3S;: C, 
41.00; H, 6.02; N, 11.95%. Found: C, 40.93; H, 5.96; N, 11.90, 12.06%. Infrared spec- 
trum: maxima at 2550 cm—! (SH), 1580 (—C==N—), and 1145 cm~ (—C—O—C—). 


Hydrolysis of tris-3-Mercaptopropyl Cyanurate 

(a) Alkaline —The mercaptopropyl cyanurate (0.5 g) was refluxed for 2 hours with 
20 ml of a 20% sodium hydroxide solution. On cooling a colorless solid was obtained 
which was filtered, washed with dilute hydrochloric acid, and recrystallized from water 
to give 0.15 g of cyanuric acid. 

(b) Acidic—The cyanurate (0.5 g) was refluxed for 2 hours with 20 ml of a 30% 
sulphuric acid solution. On cooling, colorless needles of cyanuric acid were obtained. A 
sulphur-containing polymer was formed on the wall of the condenser. 


Desulphurization of tris-Mercaptopropyl Cyanurate 

A mixture of 2 g of tris-mercaptopropyl cyanurate, 100 ml of 95% ethanol, and 15 g of 
Raney nickel was stirred and refluxed for 2 hours. Filtration of the catalyst, removal of 
the solvent, and distillation of the residue furnished 0.2 g (13%) of a colorless liquid, 
b.p.i10 180°, which solidified in ice to give colorless crystals melting at 30-33°. A mixed 
melting point determination and a comparison of infrared spectra have shown this 
compound to be identical with tris-z-propyl cyanurate (8). 


Tetrahydro-1 ,3-oxazine-2-thione 

(a) Carbon disulphide (20 ml) was added in small portions to a solution of 24.2 g of 
propanolamine in 50 ml of methanol cooled in an ice bath. With the temperature kept 
at 0°, a methanolic solution of iodine (15%) was added slowly from a burette until a 
faint permanent yellow color was obtained. The white solid, which had precipitated, 
was filtered, washed several times with methanol, and slurried in 150 ml of water. The 
slurry was then gradually heated to boiling over a period of 1 hour. The resulting solu- 
tion was acidified with dilute sulphuric acid, cooled, filtered to remove suspended sul- 
phur, saturated with sodium chloride, and extracted many times with small portions of 
ethyl acetate. Concentration of the ethyl acetate solution yielded 5 g (13%) of a white 
powder, m.p. 125-126°. Recrystallization of this solid from ethanol afforded 3.2 g of 
colorless needles melting at 125-126°. Anal. Calculated for CsH;ONS: C, 41.00; H, 6.02; 
N, 11.96; S, 27.37%. Found: C, 41.18; H, 6.07; N, 11.72; S, 27.00%. 

(6) A solution of 12.3 g of propanolamine and 11 g of potassium hydroxide in 100 ml of 
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water, kept at 0° in an ice bath, was stirred vigorously for 5 minutes with a solution of 
13 g of carbon disulphide in 80 ml of dioxane; 5.5 g of potassium hydroxide in 100 ml of 
water was added followed by a solution of 55 g of lead nitrate in 300 ml of water. 
The suspension was stirred at 60° for } hour and the precipitated lead sulphide was 
filtered and washed with hot water. Concentration of the filtrates under reduced 
pressure left a dark residue which was extracted twice with 350 ml of boiling benzene. 
Evaporation of the benzene extracts afforded 13.2 g (70%) of crude product which, upon 
recrystallization from ethanol, yielded 11 g of colorless needles melting at 125-126° and 
giving no melting point depression with a sample prepared according to (a). 


REFERENCES 


. WAGNER-JAUREGG and M. Harinc. Helv. Chim. Acta, 41, 377 (1598). 


G. SERGEEV and B. S. KotycHev. J. Gen. Chem. (U.S.S.R.) (Eng. Transl.) 7, 1390 (1937); 
Chem. Abstr. 32, 2534. 


. A. Rosen. J. Am. Chem. Soc. 74, 2994 (1952). 
. G. Etryincer. J. Am. Chem. Soc. 72, 4792 (1950). 
E. Van TAMELEN. J. Am. Chem. Soc. 73, 3444 (1951). 
C. Price and P. F. Kirk. J. Am. Chem. Soc. 75, 2396 (1953). 
. M. Bennett. Trans. Faraday Soc. 37, 794 (1941). 
. SPIELMAN, W. CLosE, and I. Witk. J. Am. Chem. Soc. 73, 1775 (1951). 


PNMarpPe wr 
ONMEP wo 


2 
— 








THE OXIDATION OF DI-tertiary-BUTYL PEROXIDE’ 


A. R. BLAKE? AND K. O. KUTSCHKE 


ABSTRACT 


The oxidation of di-t-butyl peroxide has been investigated in a static system at low conver- 
sion at 124° C with sufficient oxygen present to suppress completely the formation of methane 
and ethane. The decomposition of the ¢-butoxy radical is unaffected by the presence of 
oxygen. A major product of the oxidation is formaldehyde whose yield rapidly approaches a 
stationary value. It is postulated that the major source of formaldehyde is the decomposition 
of methyl peroxy radicals, which may also abstract hydrogen from formaldehyde to form 
methyl hydroperoxide, and that this competition leads to the stationary concentration of 
formaldehyde actually observed. Methyl hydroperoxide was demonstrated to be unstable in 
the system and the predominant decomposition product was methanol, a compound also 
found in high yields in the oxidation. Experiments with added formaldehyde-C" showed that 
formaldehyde can be converted to carbon monoxide in the system and indicated that formal- 
dehyde was a likely precursor to the carbon monoxide found in the oxidation. 


INTRODUCTION 


The pyrolysis of di-t-butyl peroxide (DTBP) provides a particularly convenient source 
of methyl radicals because of the high activation energy (1) required for the abstraction 
of hydrogen from that compound. Raley et al. (2) used this method to study the oxidation 
of methyl radicals but their reactions were carried to large conversions. The experiments 
reported by Bose (3) were also done at high conversion. The present study was under- 
taken to extend this work to lower (<5%) conversions and to investigate the effect of 
conversion on the rates of production of the major products. The role of formaldehyde 
as a hydrogen donor in the photooxidation of azomethane has been investigated pre- 
viously in this laboratory (4, 5, 6). Experiments are reported in which formaldehyde-C™ 
was added to the reactants in the present system to investigate this point further. 


EXPERIMENTAL 


Most of the apparatus was the same as that described in a previous communication 
(1). A reaction was started by expanding a mixture of oxygen and DTBP from a pre- 
heater held at 80° C, where pressures could be measured on a quartz spiral gauge, to the 
Pyrex reaction vessel (volume, 550 ml) the temperature of which could be held to within 
arc. 

Analyses were made for carbon monoxide, acetone, methanol, and formaldehyde; the 
yields of methane and ethane were vanishingly small. Formaldehyde, oxygen, and carbon 
monoxide »were separated from the liquid products (acetone, methanol, and unreacted 
DTBP) by passage through a trap held at — 130° C. Formaldehyde was condensed in a 
second trap at —196° C and the permanent gases were transferred to a tube containing 
a mixture of copper and cupric oxide where the carbon monoxide was oxidized at 270° C. 
The liquid products were analyzed by gas chromatography on a 10-ft column containing 
25% dinonyl phthalate and 5% glycerol on Fisher Columpak (30-60 mesh). With a 
hydrogen flow rate of 45 ml/minute at 29° C appearance times of 28, 56, 77, and 121 
minutes were observed for acetone, methanol, ¢-butanol (present as an impurity), and 
DTBP, respectively. 

1Manuscript received September 26, 1960. 
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Considerable difficulty has been encountered in the past in the analysis of small amounts 
(less than 10 umoles) of formaldehyde in the presence of large amounts (several hundred 
micromoles) of unchanged reactant. The analytical procedure used for this analysis will, 
therefore, be reported in some detail. Part of the analytical system is shown in Fig. 1. 


To reaction cell 


To analytical 


N. 





'?) Cc XA system 


r. 


x@ 








Fic. 1. Part of the apparatus used for the separation of formaldehyde. A, metal valve; B, C, and D, 
mercury cutoffs. 


To stop a reaction, valve A (Hoke type 413 situated within the thermostat) was opened 
with B closed and D and C open. Liquid products were collected in trap F at —130° C 
and formaldehyde was collected in the U-tube G at — 196° C. The permanent gases were 
transferred to the rest of the analytical system at this time. Liquid products were 
removed from F with C and D closed. All of the apparatus between A, B, and D was then 
heated to 150° C to volatilize any polymerized formaldehyde and the monomeric material 
was collected in bulb E at —196° C which had been charged previously with 7.5 ml 
concentrated H2SO, and 2 ml of chromotropic acid solution (7) (0.6 g disodium salt of 
chromotropic acid in 25 ml water). Bulb E was sealed off, heated for 30 minutes, and the 
colored solution which resulted diluted to 50 ml. The optical density of the solution at 
570 my was measured and the formaldehyde yield estimated by comparison with a 
calibration curve. 

DTBP was purified as described previously (1); a residual of about 0.1% t-butanol 
could not be removed. Oxygen was prepared by heating potassium permanganate in 
vacuo. Formaldehyde was obtained by heating a-polyoxymethylene containing 20.6% 
C8; the polymer was provided by Dr. L. C. Leitch of these laboratories. A sample of 
methyl hydroperoxide was also supplied by Dr. Leitch. 


RESULTS 


Products of the oxidation of DTBP at 124° C are shown in Table I. Traces of isobuty- 
lene oxide were also formed and the presence of this compound hampered the mass spectro- 
metric estimation of carbon dioxide since a cracking pattern for the former was not 
available. Consequently data for the yields of carbon dioxide are not recorded. 

The formation of acetone was virtually unaffected by the addition of oxygen. Rate 
constants, k;, for the pyrolysis of DTBP calculated from the acetone formed in the 
experiments in Table I are in excellent agreement with the value 0.105 X 10 sec 
which had been obtained at the same temperature in the absence of oxygen (1). 

The variation of the yields of the various products with time of reaction are shown 
in Fig. 2. The high yields of formaldehyde relative to those of methanol in the early stages 
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TABLE I 


Products of the oxidation at 124° C 
(Reaction volume = 550 ml) 














Time 











DTBP O: (CH;):;CO CH:O0 CH;0OH co k,* Con.f t H§ 
(sec) (10-* mole/ml) (10-* mole) (10-5 sec“) (%) Balance 
1000 0.352 0.538 4.7 1.5 0.41 0.41 1.21 1.2 0.56 0.63 
2000 0.354 0.525 8.0 5.1 1.49 0.81 1.04 2.1 0.93 0.66 
2500 0.363 0.522 _— 7.2 — _— _ —_ _ _— 
3000 0.354 0.502 12.7 7.9 1.89 1.34 1.09 3.3 0.94 0.66 
4000 0.356 0.525 7.0 10.0 3.18 2.00 1.09 4.4 0.92 0.63 
4000 0.356 0.522 15.6 _— 3.37 —_ 0.99 5.0 —_ — 
5000 0.363 0.492 21.1 _— 4.27 2.93 1.06 §.3 — — 
6000 0.354 0.522 25.2 33 7 6.66 3.37 1.08 6.5 0.90 0.64 
7000 0.355 0.522 —_— 13.9 — 4.24 — — — _ 
7500 0.355 0.518 31.8 —_ 10.1 _— 1.09 8.2 _— — 
50000] 0.352 0.513 134 (16) 55.6 37.7 0.69 34.5 (0.91) (0.66) 
*k, = ((CHa)2CO}/2([DTBPh. 
tConversion (%) = 100({(CHs)2CO]/2[DT BP}). 
Carbon balance = ((CH20]+[CHsOH]+1.25[CO])/{[(CH:s)2CO]. 
fuvdrowen balance = (2(CH:0]+4[CH;sOH]) /3[(CH:s)2CO}. 
Values in parentheses calculated from an assumed carbon balance of 0.91. 
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Fic. 2. Yields of products at various times: @ 1/2 acetone; VY formaldehyde; 0 methanol; O carbon 
monoxide; A methanol - carbon monoxide — carbon dioxide. 


of the reaction are particularly striking; after 1000 seconds of reaction, [CH:O]/[CH;OH] 
= 4. As the reaction proceeds this ratio decreases markedly because of an increase in the 
rate of formation of methanol and a decrease in that of formaldehyde. It is evident that 
the yield of the latter approaches a stationary value at about 15 uwmoles, which corre- 
sponds to 2.7 X10 mole/ml. This point is emphasized by the single experiment at 34% 
conversion; if a carbon balance of 0.91 is assumed for that experiment, the formaldehyde 
yield corresponds to 3X10-* mole/ml. In agreement with the data of Raley et al. (2), 
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the present results indicate that methanol and carbon monoxide are indeed the major 
products found in this system at high conversions. 

Material balances based on acetone are also given in Table I. For the calculation of the 
carbon balance it was assumed that CO./CO = 0.25 as has been obtained recently in the 
photooxidation of azomethane (6). Uncertainties in this assumption will have only a 
small effect on the carbon balance. From the balances shown in Table I it would appear 
that all the major carbon-containing compounds were determined and that the only 
product likely to have been missed was, as indicated by the low hydrogen balance, water. 
No attempt was made to measure this product. 

The addition of formaldehyde-C™ to the system caused a marked increase in the rate 
of formation of carbon monoxide in the early stages of the reaction. The enhanced rate 
was independent of time over the region studied and its value is similar to that approached 
by the rate of formation of carbon monoxide in the absence of added formaldehyde, 
Fig. 3. Mass spectrometric analysis of the carbon dioxide recovered from the 
copper/cupric oxide after oxidation of the carbon monoxide indicated enrichment in 


C8 (Table II). 
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Fic. 3. Yields of carbon monoxide in the oxidation: O formaldehyde absent; @ 15 wmoles formalde- 
hyde-C® added. 


TABLE II 


Carbon monoxide yield in presence of 15 wmoles 
enriched CH,0* 











Time Total CO COt 
(sec) (umoles) C80/CXO (% 
2000 2.0 0.152 74 
3000 3.0 -— --- 
4000 4.2 0.148 72 
5000 4.7 0.132 64 





*C13/C12 in formaldehyde = 20.6%. 
tCarbon monoxide derived from added formaldehyde-C?4, 
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DISCUSSION 


The agreement between the rate constant for DT BP calculated from the rate of acetone 
formation in the presence of oxygen (Table I) and the known rate constant at the same 
temperature is strong evidence that the rate of formation of methyl radicals by [1] and 
[2] is unaffected by the presence of oxygen. Raley et al. came to the same conclusion (2). 


(CH;);COOC(CH;); — 2(CH;)3;CO {1} 


The experiment of shortest duration in Table I indicates an enhanced rate of formation 
of acetone (k; = 0.120 10-‘ sec) at this conversion. This in turn suggests the possibility 
of radical attack on the peroxide followed by decomposition of the resulting free radical 
to t-butoxy radical and isobutylene oxide giving the elements of a chain reaction. Much 
more data is required at very low conversion before any definite conclusion can be drawn 
in this respect. 

The material balances shown in Table I suggest that no important product containing 
carbon has been omitted in the analytical scheme. Carbon dioxide was not determined 
quantitatively but was identified by mass spectrometry and a rough estimate of its 
yield on this basis agreed with the ratio CO/CO; ~ 4 used in computing the material 
balance. The latter ratio was found in a recent reinvestigation of the photooxidation of 
azomethane (6), where it was proposed that these two products arise by a mechanism 
identical with that to be suggested below. The hydrogen balance indicates that relatively 
large quantities of hydrogen are unaccounted for; a relatively large yield of water, which 
was not estimated, could account for the decrement. Little can be said in this regard 
until reliable techniques are devised for the recovery of water from the system and for 
the determination of that compound in the mixture of liquid products. 

It is important to note the trend with time (or conversion) of the yields of the various 
products. At very low conversions it would appear that formaldehyde is the only product; 
the hydrogen balance suggests that water is also formed in good yield. As formaldehyde 
builds up in the system carbon monoxide and methanol begin to appear. Even after 1000 
seconds of reaction (about 1% conversion based on acetone formed) the ratio formalde- 
hyde/methanol is as great as four. Thus one of the mechanisms suggested by Bell et al. 
(8) for the oxidation of methyl radicals, viz., 


CH; + O2 — CH;0:2 
2CH;0; > 2CH;O + O, 


cannot operate in the present system since it requires that the ratio formaldehyde/ 
methanol be no greater than unity. If abstraction reactions of methoxy radicals leading 
to methanol are considered, the ratio is expected to be even less. 

The association of methyl radicals with oxygen has been demonstrated to require a 
third body (9, 10, 11), and some evidence has been presented (10) which suggests that 
there are two modes of dissociation of the methyl peroxy radical formed initially. 


CH; + Oz eS CH;0,* [3] 
CH;0,* — CH; + O2 (4] 
CH;0.* — CH:0 + OH [5] 


CH;0,* a M =® CH;0:; a M [6] 
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Considering the relatively low total pressure used in these experiments it is not un- 
reasonable to suggest that the present conditions would tend to favor [4] and [5] at the 
expense of [6]. This is especially so if it could be demonstrated that DT BP were not an 
efficient third body, M. 

For these reasons it is proposed that reactions [1] to [5] describe the main features of 
the reaction in its early stages. Presumably the fate of hydroxy] radicals is reaction with 
DTBP to form water. The radical CH2(CH;)2COOC(CH;)3 formed by that abstraction 
might decompose to isobutylene oxide and a ¢-butoxy radical so that, taken with [2], 
[3], and [5], the elements of a chain are present. It was pointed out above that the presence 
of a short chain in this region of conversion is not incompatible with the acetone yield 
observed. 

As the reaction proceeds and formaldehyde accumulates in the system, reactions of 
methyl peroxy radicals with this substance become possible. 


CH;0.* + CH:0 — CH;0:H + HCO [7] 
HCO + 0; CO + HO; [8] 
— CO; + OH (9) 


Reaction [7] inhibits the possible chain and its operation over a range of conversion will 
lead to the observed steady state in formaldehyde concentration and the formation of 
new products, methyl hydroperoxide and the oxides of carbon. 

The former product has not been observed in the present system. However, it was 
demonstrated that a synthetic sample of methyl hydroperoxide (30 uwmoles) introduced 
into the reaction vessel for 2000 seconds at 124° C was recorded by the analytical method 
as methanol along with small quantities of formaldehyde. Even when the sample was 
taken from the reaction cell to the mass spectrometer without an intervening chromato- 
graphic separation, no peak at m/e 48, which was prominent from the original material, 
was observed. It is not clear whether the decomposition was homogeneous, was catalyzed 
by the metal and glass surfaces, or was induced by mercury vapor. The observation is 
similar to that made by Cvetanovié et al. (12, 13), who observed that ethyl hydroperoxide, 
after being mixed with liquid mercury, was converted, almost quantitatively, to ethanol, 
with only small amounts of acetaldehyde being formed. It is not in harmony with the 
observations of Hanst and Calvert (14), who found methyl hydroperoxide to be stable 
up to 200° C in their system. 

Therefore it is proposed that reaction [7] is an important fate of the methyl peroxy 
radical formed in [6]. This should not be taken to imply that the radical must in all 
systems be in a vibrationally excited form, as the asterisk indicates, in order to undergo 
reaction [7]. As discussed above, however, it is felt that, in this system, a large fraction 
of these radicals are indeed in a high vibrational] level. 

The experiments with added formaldehyde-C™ were devised to test the suggestion 
that formaldehyde could act as the precursor to carbon monoxide in this system. Since 
the amount of formaldehyde added approximated closely to the steady-state concen- 
tration of that product, it was expected that the rate of formation of carbon monoxide 
should also be nearly that corresponding to the later stages of the reaction in the absence 
of added formaldehyde. The yields of carbon monoxide shown in Table II and Fig. 3 
are fully in agreement with that prediction. The isotopic composition of the carbon 
monoxide (Table II) also shows that formaldehyde is an efficient source of carbon 
monoxide in this system. A similar conclusion was reached by an application of the 
same technique to the photooxidation of azomethane (6). 
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One further point should be mentioned. The mechanism proposed, if complete, 
requires that [CH;0,.H(=CH;0H)]—[CO]—[CO,] vanish for all conditions. Figure 2 
shows that the data are not quite in agreement with this prediction since the function 
shows a slow but steady rise with conversion. This can be explained if it is assumed that, 
as it becomes more concentrated in the system, acetone can compete with formaldehyde 
in a reaction analogous to [7]. The data for the experiment of greatest duration also 
suggest that acetone is not completely inert in the system as indicated by the very !ow 
value of k; calculated from the acetone yield. Depletion of DTBP at this long time is 
not sufficient to account for the low yield of acetone in this experiment. 
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RATES OF DECARBOXYLATION OF SUBSTITUTED ANT HRANILIC 
ACIDS IN NITROBENZENE SOLUTION! 


G. E. DUNN AND RUSSELL PRYSIAZNIUK 


ABSTRACT 


The synthesis of a series of meta- and para-substituted anthranilic acids is reported with 
their rates of decarboxylation in nitrobenzene solution at 210.5° C. The reaction is second 
order with respect to anthranilic acid. The rate is increased by electron-releasing substituents 
and decreased by deuterium in the functional groups. The relative rates are interpreted by 
means of the Hammett equation and its extensions and it is concluded that the rate-determining 


step involves attack by proton from one anthranilic acid molecule on carbon 1 of a second 
molecule. 


Previous investigations of anthranilic acid decarboxylation have shown that the 
reaction is first order in boiling aqueous solution but catalyzed by mineral acids (1, 2). 
The aqueous-acid-catalyzed reaction was considered to involve attack by a proton from 
the mineral acid on carbon 1 of the aromatic ring (2) and therefore to belong to the class 
of Sg2 aromatic displacement reactions (3). Decarboxylation in the melt, however, must 
involve shift of a proton to the ring from one of the functional groups of anthranilic acid 
itself. Several possibilities for such a proton transfer are available: it may occur in the 
neutral acid or the zwitterion, it may involve the carboxyl group or the amino group, and 
it may be intermolecular or intramolecular. The present investigation is an attempt to 
decide among these various possibilities. 

In order to determine whether the reaction is intermolecular or intramolecular it is 
desirable to know the order of the reaction. In the melt the reaction has been reported to 
be first order (2, 4) but this is not very informative since the composition of the reaction 
mixture changes during the decarboxylation from pure anthranilic acid to pure aniline. 
Since aniline could serve as proton donor it might take over the role of a second molecule 
of anthranilic acid in an intermolecular reaction. An aprotic solvent would be preferable 
and it must be a high-boiling one since the temperature required for thermal decarboxyla- 
tion is around 200° C. We have had some success with 1-methylnaphthalene as solvent 
but nitrobenzene proved to be more satisfactory since it is a better solvent for acids. In 
both these solvents the reaction is second order with respect to anthranilic acid and the 
reaction is therefore probably intermolecular. 

In an intermolecular reaction there are several possibilities for the rate-determining 
step. It may involve (a) hydrogen—oxygen bond breaking, (6) hydrogen—nitrogen bond 
breaking, (c) hydrogen-carbon bond making, or (d) carbon-carbon bond breaking. 
Stevens, Pepper, and Lounsbury have eliminated possibility (d) by showing that there 
is no carbon isotope effect in the decarboxylation of anthranilic acid either in aqueous 
solution or in the melt (2). The three remaining possibilities may be distinguished by the 
site of the rate-determining step: in (a) it is the carboxyl group, in (0) it is the amino 
group, and in (c) it is carbon 1 of the ring. We have attempted to decide among the 
possibilities by application of the Hammett equation to the rates of decarboxylation of 
substituted anthranilic acids. 


1Manuscript received ee 26, 1960. 
Contribution from the Chemistry Department of the University of Manitoba, Winnipeg, Manitoba. Presented 
in part, at the 42nd annual conference of the Canadian Institute of Chemistry, Halifax, May 1, 1959. 
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Hammett has shown (5) that the effect of substituents on the reactivity of a side chain 
in m- and p-substituted benzene derivatives can be expressed by the equation 


log k/Rko = po 


where & and ky are the rates or equilibrium constants for the reactions of the substituted 
and unsubstituted derivatives, respectively, p is a constant characteristic of the reaction, 
and ¢ is a constant characteristic of the substituent. The treatment has been extended by 
Brown and co-workers (6) to cover electrophilic aromatic substitution, in which the 
reaction site is on the ring instead of the side chain, by means of a new set of constants, o*. 
In a molecule where there are two or more possible reaction sites a substituent which is 
meta to one site may be para to the other so that its influence on the reactivity of the 
molecule will be different depending on the location of the reaction site. Jaffe has shown 
(7, 8) that in favorable circumstances this difference can be used to determine the location 
of the reaction site. 

In anthranilic acid the three likely reaction sites may be numbered as shown below. 


O 


on ‘ay — (1) 


BZ X \NH, (2) 


The influence of a substituent at A or B on reactivity at sites 1, 2, and 3 will be given by 
equations 1, 2, and 3, respectively, 


[1] site 1: log k/Rko = pio, 
[2] site 2: log k/Rko = pee 
[3] site 3: log k/ko = p3o3 


where o; is Hammett’s o for carboxylic acid reactions, o2 is Hammett’s o for amines and 
phenols, and 3; is Brown’s o*. Of course, any two or all three reaction sites may be in- 
volved in the rate-determining step and the most general case is represented by equation 4, 


[4] all sites: log k/Rko = picit+p2o2+pse3. 


The nature of the reaction site may then be determined by finding which of equations 1-4 
best fits the rates of decarboxylation of a series of substituted anthranilic acids. It should 
be noted that a; differs most from ¢2 for substituents capable of strong mesomeric electron 
withdrawal while oc, differs most from a3 for substituents capable of strong mesomeric 
electron release. Therefore, substituents of both these types should be included in the 
series. 


EXPERIMENTAL 


Nitrobenzene and 1-methylnaphthalene were commercial products. They were frac- 
tionated through a 14-in. Vigreaux column, collecting the fractions boiling at 210—210.5° C 
at 745 mm and 240—-241° C at 744 mm, respectively, and stored over anhydrous sodium 
sulphate and sodium wire, respectively. Anthranilic, 5-chloroanthranilic, N-methyl- 
anthranilic, N-phenylanthranilic, and p-aminobenzoic acids were commercial products 
recrystallized to constant melting point. The remaining acids were synthesized as de- 
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scribed below. Melting points were determined with a Hershberg meiting point apparatus 
(9) using Anschiitz thermometers calibrated against a U.S. Bureau of Standards platinum 
resistance thermometer. 


4-Bromoanthranilic Acid 

o-Acetotoluidide was prepared by the method of Berkenheim and Livshits (10). 
o-Toluidine, 100 ml (0.93 mole), was refluxed with 102 ml of acetic anhydride (1.00 mole) 
in 200 ml of benzene for 1 hour. The benzene was distilled off and the residue was poured 
over ice. The crude product was recrystallized from benzene and 106 g of o-acetotoluidide 
(70% yield), m.p. 110-111° C, was obtained. 

o-Acetotoluidide was brominated by an adaptation of the method of Wheeler (11). 
Thirty grams of o-acetotoluidide (0.20 mole) in 300 ml of glacial acetic acid at 15-16° C 
was treated with 10.5 ml of bromine (0.20 mole). After 1 hour the solution was poured into 
cold water and the hydrobromide was collected. 

The salt was decomposed by boiling in 1 liter of water for 1 hour. The hot filtrate 
yielded most of the product and repeated extraction of the residue yielded the balance. 
Thirty-seven grams (84% yield) ot 2-methyl-5-bromoacetanilide, m.p. 158-159° C, was 
obtained. 

This material was oxidized by the method of Justoni, Ternizzi, and Pirola (12). Seven 
grams of 2-methyl-5-bromoacetanilide (0.030 mole) was suspended in 3.5 liters of water 
at 85°C and 10 g of magnesium sulphate and 15 g of potassium permanganate were 
added. The solution was allowed to remain at 8C° C overnight. After being cooled, the 
manganese dioxide was filtered out and the product was precipitated by acidification 
with hydrochloric acid. Recrystallization from hot water gave 5.5 g 4-bromoaceto- 
anthranilic acid (65% yield), m.p. 214-215° C. Hydrolysis of this acetyl derivative was 
accomplished by boiling 5.5 g (0.022 mole) with 50 ml of 1:1 sulphuric acid for 1 hour. 
Diluting and neutralizing the solution gave 4 g of 4-bromoanthranilic acid, m.p. 217- 
218° C, after two recrystallizations from dilute ethanol. 


5-Bromoanthranilic Acid 

This compound was prepared by brominating anthranilic acid by Wheeler's method (11) 
as described above for o-acetotoluidide. A 65% yield of 5-bromoanthranilic acid, m.p. 
215-217° C, was obtained after two recrystallizations from dilute. ethanol. 
4-Nitroanthranilic Acid 

This compound was prepared by the method of Hillers, Lokenbacks, and Majs (13). 
Sixty grams of o0-acetotoluidide dissolved in 400 ml of concentrated sulphuric acid was 
nitrated for 4 hours at —5° C with 40 ml of concentrated nitric acid in 120 ml of con- 
centrated sulphuric acid. The acid solution when poured over ice yielded 35 g (45%) of 
2-methyl-5-nitroacetanilide, m.p. 135-140° C. Several crystallizations from hot water 
raised the melting point to 149-150° C. The purified product was oxidized by treating 
10g (0.051 mole) in 3 liters of water at 95° C with 25g of potassium permanganate and 
12 g magnesium sulphate and allowing the solution to stand at about 90° C overnight. 
Seven grams of the corresponding acid was obtained (61% yield) with a melting point of 
215-216° C after recrystallization from water. Heating 10 g (0.044 mole) of this material 
in 30 ml of alcohol and 120 ml of concentrated hydrochloric acid for 2 hours gave 7.5 g 
(90% yield) of 4-nitroanthranilic acid. After several recrystallizations from water it 
melted at 262-264° C with decomposition. 4-Nitroanthranilic acid with identical prop- 
erties was also prepared from 2-methyl-5-nitroaniline as described below for 5-nitro- 
anthranilic acid. 
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§-Nutroanthranilic Acid 

This compound was prepared by a modification of the method of Iguchi (14). Fifty 
grams of 2-methyl-4-nitroaniline (0.33 mole) was acetylated by refluxing with 138 g of 
acetic anhydride (1.35 mole) for 2 hours. Excess acetic anhydride was destroyed by 
boiling the solution with water whereupon 44 g (70% yield) of 2-methyl-4-nitroacet- 
anilide, m.p. 198-200° C, precipitated. This was oxidized and hydrolyzed as described 
under 4-nitroanthranilic acid, to give 5-nitroanthranilic acid, m.p. 268-269°C with 
decomposition. 


4-Chloroanthranilic Acid 

A modification of the method of Cohn (15) was used. 2-Methyl-5-chloroaniline was 
acetylated by dissolving 2.5 g (0.18 mole) in 100 ml of boiling glacial acetic acid, adding 
75 ml of acetic anhydride (0.67 mole), and refluxing for 15 minutes. A yield of 27 g (91%) 
of 2-methyl-5-chloroacetanilide, m.p. 131—132° C, was obtained on diluting the solution 
with water. This was oxidized and hydrolyzed as described above to give 4-chloroanthra- 
nilic acid, m.p. 234-235° C, after recrystallization from dilute alcohol. 


5-Methylanthranilic Acid 

m-Toluic acid was nitrated by the method of Giacolone and Russo (16). Twenty grams 
of potassium nitrate (0.20 mole) in 120 ml of concentrated sulphuric acid was added 
cautiously to 20 g of m-toluic acid dissolved in 120 ml of concentrated sulphuric acid at 
0° C. The mixture was poured on ice and a mixture of 2-nitro-3-methylbenzoic acid and 
2-nitro-5-methylbenzoic acid precipitated. The latter was extracted from the mixture 
with hot water, yielding 13 g (36%) of 2-nitro-5-methylbenzoic acid, m.p. 131-132° C. 
This nitro acid was reduced by the method of Wheeler and Hoffman (17). Four grams 
(0.022 mole) was dissolved in 100 ml of concentrated ammonium hydroxide and 50 g of 
ferrous sulphate heptahydrate (0.17 mole) in 200 ml of water was added. The solution 
was brought to a boil and after it was cooled the inorganic salts were filtered out. Acidi- 
fication and cooling the solution yielded 3 g of 5-methylanthranilic acid (90% yield). 
It melted at 175-177° C after recrystallization from dilute alcohol. 


4-Aminoanthranilic Acid 

This compound was prepared by reduction of 4-nitroanthranilic acid by the method of 
Wheeler and Hoffman (17) described above. It gave a 40% yield of 4-aminoanthranilic 
acid, m.p. 134-136° C, after recrystallization from dilute alcohol. 


N-Acetylanthranilic Acid 
This compound, m.p. 184-185° C, was prepared in 80% yield by acetylation of anthra- 
nilic acid in boiling acetic anhydride. 


Anthranilic Acid--H, 

Anthranilic acid, 23 g, was exchanged four times with heavy water by dissolving it in 
54 ml of purified dioxane and 5 g of deuterium oxide. The solvents were removed under 
reduced pressure and the acid was dried at 85° C in a vacuum oven at 15-mm pressure. 
This material analyzed 78.5+.08 at. % anthranilic acid--H; by the method previously 
described (18). 


Rate Measurements 

The rates of decarboxylation were measured by absorption of the evolved carbon 
dioxide on ascarite which was weighed at regular intervals. The apparatus is shown in 
Fig. 1. The thermostat was a 1-liter two-necked flask heated by an electric mantle. In 
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this flask diphenyl ether was refluxed so that the vapors bathed the reaction vessel 
(a) which was a 25-ml test-tube-shaped vessel made from a 34/45 standard taper male 
joint. A gas inlet tube (0) extended to the bottom of the reaction vessel and a stream 
of dry carbon-dioxide-free nitrogen passing through this tube swept the evolved carbon 
dioxide through a condenser (c), an m-butyl phthalate bubbler (d), a sulphuric acid 
bubbler (e), a U tube of anhydrous calcium sulphate (f), into the ascarite weighing 
bottle (4) which was protected from the atmosphere by a tube (7) containing calcium 
sulphate and ascarite. A second ascarite weighing bottle could be interchanged with 
(h) by means of the three-way stopcock (g). 





Fic. 1. Apparatus for decarboxylation. 


About 10 ml of nitrobenzene was placed in the reaction vessel and the nitrogen ftow 
was adjusted to a suitable rate. Since diphenyl ether has a higher boiling point (259° C) 
than nitrobenzene (210.5° C) or 1-methylnaphthalene (242° C) the solvent boiled gently 
in the reaction vessel. Attempts to operate at thermostat temperatures below the boiling 
point of the solvent gave poor temperature control because the sweeping nitrogen cools 
the solvent and fluctuations in its rate of flow cause temperature fluctuations and dif- 
ficulty in reproducing temperatures between runs. An iron-constantan thermocouple 
introduced into the reaction vessel through the condenser showed that temperature 
variations during a run in refluxing solvent did not exceed 0.2° C. Temperature variation 
between runs varied as much as 0.5° C because of different solute concentrations and the 
high boiling-point-elevation constant of nitrobenzene. When the system had come to 
equilibrium a pellet of about 0.4 g of the acid to be decarboxylated was dropped into the 
reaction vessel. The refluxing solvent dissolved it quickly and the evolved carbon dioxide 
was weighed in the ascarite weighing bottles at intervals. 

Rate constants were calculated from the slopes of plots of 1/(a—x) against time, 
where a—x = initial moles of anthranilic acid less moles of carbon dioxide at time ¢ all 
divided by the volume of the solution corrected to 210.5° C by means of the coefficient 
of cubic expansion of nitrobenzene. Data from a typical run are shown in Fig. 2. Rate 
constants for the various anthranilic acids in nitrobenzene are shown in Table I and 
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those for the three acids which could be dissolved in 1-methylnaphthalene are shown in 
Table II. The rates for 4-aminoanthranilic acid were so large that enough points for a 
plot could not be obtained so the rate was calculated from the observed half lives in 
seven runs. The variation of the observed half lives for this acid and anthranilic acid 
itself confirm the second order shown in Fig. 2. 
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Fic. 2. Anthranilic acid in nitrobenzene at 210.5° C. 


In order to obtain the rate constant for pure anthranilic acid-*H; from the apparent 
constant for partly deuterated anthranilic acid the following calculations were made: 


d[CO¢] 2 
——— = k“([Ag]+[Ap]) 
dt 
where Ay = anthranilic acid, Ap = anthranilic acid-H;, and k’ is the apparent rate 
constant for partially deuterated acid. The apparent rate can also be written 


B72) = kyu] “+ balAnl[An]+bo[AnllAp]+holAn] 
so that 
k'((An]+{Ap)? = ((An}+{Ap) (énlAnl + Ao[An) 
and 


k’({Au] + [Ap]) — ku{Au] +kp[Ap]. 


Substituting ky = (6.17+.17) X10-5, Rk’ = (3.144.22) X10-5, [Ag] = 0.215+.001, and 
[Ap] = 0.785+.001 gives kp = (2.32+.34) X10-5. This makes the isotope effect, ky/kp 
= 2.66+.46. 
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TABLE I 
Rates of decarboxylation in nitrobenzene at 210.5° C 














Concentration, Half life, kX105, kX105, 
Acid moles/liter hours moles/l. sec mean 

Anthranilic 0.542 8.2 6.12 6.17+0.17 

0.322 oe 5.90 

0.647 6.7 6.41 

0.332 12.6 6.25 

0.441 —_ 6.15 
5-Chloroanthranilic 0.362 1.87 1.92+0.13 

0.358 1.80 

0.483 2.10 
4-Chloroanthranilic 0.324 3.05 3.18+0.10 

0.360 3.30 

0.320 3.20 
4-Bromoanthranilic 0.239 2.78 2.66+0.12 

0.307 2.54 
5-Bromoanthranilic 0.133 2.45 2.37+0.08 

0.123 2.30 
5-Methylanthranilic 0.212 9.35 9.61+0.18 

0.171 9.70 

0.365 9.80 
4-Nitroanthranilic 0.399 0.180 0.175+0.013 

0.348 0.167 

0.228 0.192 

0.364 0.153 
5-Nitroanthranilic 0.181 0.500 0.527+0.027 

0.208 0.555. 
4-Aminoanthranilic 0.112 0.11 310 300 +28 

0.093 0.12 300 

0.084 0.17 290 

0.064 0.19 270 

0.059 0.18 310 

0.051 0.22 320 

0.044 0.28 280 
N-Methylanthranilic 0.465 43 43 
N-Acetylanthranilic 0.159 0.61 0.61 
N-Phenylanthranilic 0.255 14 6.88 6.69+0.19 

0.133 28 6.50 
Anthranilic-*H; (78.5% 0.423 3.20 3.14+0.22 

0.395 2.81 

0.565 3.40 
p-Aminobenzoic 0.418 16 1.25 1.32+0.07 

0.265 24 1.39 

TABLE II 


Rates of decarboxylation in 1-methylnaphthalene at 242° C 











Concentration, Half life, kX 104, kX10', 
Acid moles/liter hours moles /l. sec mean 

Anthranilic 0.514 3.6 1.52 1.58+0.05 

0.556 3.3 1.58 

0.597 3.0 1.57 

0.171 9.2 1.65 
4-Chloroanthranilic 0.380 1.14 1.17+0.03 

0.169 1.20 
5-Chloroanthranilic 0.440 0.76 0.74+0.02 

0.485 0.72 
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DISCUSSION 


The data of Fig. 2 and Tables I, II, and III show that the decarboxylation of anthra- 
nilic acids is second order with respect to the acid in both nitrobenzene and 1-methyl- 
napththalene. The second-order kinetics shows that there are two molecules of anthranilic 
acid in the transition state or some step preceding it and so suggests that the proton 
transfer is intermolecular. It is possible that anthranilic acid forms a dimer in solution 
and that proton transfer could be intramolecular within this dimer, although extensive 
dimerization in boiling nitrobenzene seems unlikely. 

Rates were measured in boiling solutions so that rates in the two solvents are not 
directly comparable. In 1-methylnaphthalene at 242° C the rate is about 2.5 times that 
in nitrobenzene at 210° C so that rates in the two solvents at the same temperature can 
not be very different. Since nitrobenzene is a considerably more polar solvent than 
1-methylnaphthalene (¢5; = 35 and 2.7 respectively) the small difference in rates suggests 
that the polarity of the transition state is not greatly different from that of the reactant. 

Anthranilic acid is seen to decarboxylate 2 to 3 times faster than functionally deuter- 
ated anthranilic acid so that proton transfer must be involved in the rate-determining 
step or some step preceding it. It is obvious from Table i that electron-releasing groups 
accelerate the decarboxylation and this must account for the fact that anthranilic and 
p-aminobenzoic acids decarboxylate while benzoic acid does not. The increased rates with 
N-methyl- and N-phenyl-anthranilic acids and the decreased rate with N-acetylanthra- 
nilic acids are in agreement with this interpretation of the role of the o-amino group. 
These observations show that decarboxylation must take place from the neutral acid 
rather than the zwitterion since protonation of the amino group would destroy its electron- 
releasing properties. If reaction takes place from the neutral molecule, proton donation 
must come from the carboxyl group and electron-releasing substituents should hinder, 
not help, the donation. This rules out site 1 as the only reaction center but leaves the 
possibility that more than one site is involved in the transition state, with the substituent 
effect at site 1 outweighed by that at the others. 

In Figs. 3, 4, and 5 the data of Table I are plotted according to equations 1, 2, and 3, 
respectively. It is seen that the fit to a single straight line is not good in any of the three. 
Table III shows the results of a standard statistical analysis (19), of the fit of the data 
to a linear equation Y = a+bX, where Y = log k/ko, X = oc, b = p, Sx is the standard 
error in the estimate of Y, s) is the standard error in }, r is the linear correlation co- 
efficient in equations 1-3 or the multiple correlation coefficient in equation 4, and F is 
the variance ratio (19). Comparison of columns 6 and s, show that equations 1 and 3 
fit the data much better than 2 and 4. Column F makes the comparison quantitative, 
and shows (19) 6 (= p) different from zero at the 99% confidence level for equations 1 
and 38, at the 95% confidence level for equation 2, and at no significant level for equation 4. 
Evidently site 1 or site 3 is of predominant importance in the transition state and the 
negative sign of p requires that it be site 3, as has been indicated previously. Jaffe has 
shown (8) that in order to distinguish between one site or two by means of substituent 
effects it is necessary that the o’s for the substituents referred to the two sites have a 
correlation coefficient less than 0.9. The substituents used in the present investigation 
have the following correlation coefficients: r;. = 0.817, 723 = 0.702, 713 = 0.974. Evidently 
the Jaffe treatment of our data can rule out participation by site 2 in the transition state, 
but not joint participation by sites 1 and 3. The conclusion is, then, that site 3 is of 
predominant importance in the transition state with less important contributions from 
site 1. 
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Fic. 3. Equations 1, 5, and 6. 
TABLE III 
Relationship between rates and substituents constants 
Equation a b Sp SE r F 
1 0.191 —2.04 0.134 0.163 0.985 23.9. 
2 0.221 —1.50 0.488 0.628 0.759 9.5 
3 —0.070 —1.45 0.109 0.189 0.985 23.7 
4 0.023 —1.45 (b;) 1.166 0.177 0.988 - 1.6 
—0.08 (b2) 0.353 
—0.48 (d3) 0.672 
5 0.195 —2.26 0.035 0.036 0.999 1500 
6 0.110 —1.60 0.143 0.079 0.986 141 





Although the data do not fit any of the four equations well, it is remarkable that in 
Fig. 1 the points for 4-substituents fall on one line and those for 5-substituents fall on 
another. The line for 4-substituents is represented by equation 5 and that for 5-sub- 
stituents by equation 6 in Table III and it is seen that the fit to the separate equations 
is much better than to any one of the preceding four equations. It will be noted that p, 
(6, equation 5, Table III) is numerically larger than ps (6, equation 6, Table III) which 
suggests that in anthranilic acid decarboxylation the electron density at the reaction 
site is more sensitive to resonance effects from substituents than it is in ionization of 
benzoic acid, the standard reaction from which Hammett’s o’s are determined. This 
agrees with site 3 as the principal reaction center since site 1 is equivalent to that in the 
standard reaction. 

Similar splits between meta and para substituent effects are well known in the reactions 
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acne 











thee 


W- PAANN SEe at 








et 


a ON CLE EIEIO 


SRR CAPR TCO 


RN RR hi AER ener OE 


eee 


cit MERON INT a PS AS 


so TS heat Pe 





DUNN AND PRYSIAZNIUK: DECARBOXYLATION OF SUBSTITUTED ANTHRANILIC ACIDS 295 


of amines and phenols on the one hand and in substitution reactions on aromatic and 
benzyl compounds on the other. The former case led Hammett to assign separate +o’s 
for the reactions of amines and phenols (5), but new —o’s were not necessary since 
mesomeric increase of electron density on amines and phenols is limited by the lack of 
low-energy orbitals on oxygen and nitrogen to receive it. In aromatic and benzyl sub- 
stitutions, on the other hand, the increased efficiency of substituents with —o’s led Brown 
to the establishment of separate values, —o*, for these cases. Thus far, +¢*’s have not 
been found to be significantly different from Hammett’s +o’s, presumably because in 
the transition states of such reactions the reaction center bears a large positive charge 
and so is incapable of mesomeric electron release. 

In anthranilic acid decarboxylation para substituents seem to be more effective for 
both electron release and electron attraction than in the standard reaction, which would 
require that the reaction center in the transition state of decarboxylation be capable of 
either accepting or releasing electrons. This would be the case at site 3 only if the ring 
carbon still has a x electron available for conjugation; that is, if either the new bond or 
the old is weak. By analogy with the accepted mechanism of aromatic substitution, an 
intermediate may be postulated in decarboxylation, as shown below. 


A, 2O0H A_/COOH AN 

( | | NH CY 
Leas | 
| | 

\/\NH: Y/N, Awa, 


In the usual aromatic substitution reactions the large magnitude of p and the absence 
of a hydrogen isotope effect show that the transition state resembles the intermediate, 
but in decarboxylation the preceding arguments suggest that the transition state must 
be closer to reactant or product than is the case in the usual aromatic substitutions. 
Stevens’ observation (2) that there is no carbon isotope effect in the decarboxylation 
shows that the transition state can not lie between intermediate and product. 

The deuterium isotope effect in decarboxylation shows that a proton is involved in the 
reaction site but its small magnitude, kg/kp = 2-3 suggests that the O—H bond is 
weakened but not broken in the transition state. This is consistent, too, with the small 
importance of acid strength on the rate as indicated by the negative value of p. The small 
magnitude of p compared to that in most aromatic substitutions (6) confirms that charge 
at the reaction site is small (20), as does the small solvent effect mentioned previously. 


Taken together these considerations indicate a transition state something like that 
represented by the formula 


O 
—— Cc— 
‘tie * 2 \ 
CO H NH; 
NH, “O—Cc-—¢ 
j —— 


in which the O—H bond is weakened but not yet broken and the C—H bond is only 
partially tormed. The role of the left-hand amino group in stabilizing the transition state 
is obvious and the proximity of the right-hand amino group to the leaving carboxyl group 
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suggests that the transfer of a proton to the ring may be accompanied or immediately 
followed by transfer of a second proton from the departing carbon dioxide molecule to 
the right-hand amino group. The previously noted unimportance of the amino group in 
the rate-determining step requires that this second proton transfer have a low activation 
energy, as is usually observed for proton transfer O to N. The right-hand molecule, in 
catalyzing the decarboxylation, would be converted from a neutral molecule to a zwit- 
terion, like the bifunctional catalysts described by Swain (21). Such a bifunctional cataly- 
sis should provide a relatively low-energy route for proton transfer in a solvent of low 
dielectric constant, especially since the zwitterion could revert to neutral molecule 
intramolecularly. This interpretation agrees with the observation that p-aminobenzoic 
acid decarboxylates at only one-fifth the rate of anthranilic acid. 

In summary, then, we conclude that decarboxylation takes place in the neutral molecule, 
not the zwitterion, that proton transfer is intermolecular, that the rate-determining step 
involves proton attack on the ring carbon, and that in the transition state the carbon— 
hydrogen bond is just beginning to be formed. It is possible that catalysis by the second 
anthranilic acid molecule is bifunctional in character. 
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CHALKOGENIDES OF THE TRANSITION ELEMENTS 
II. EXISTENCE OF THE = PHASE IN THE M,S, SECTION OF THE SYSTEM Fe-Co-Ni-S"? 


OsvALD KNOP AND MOHAMMAD ANWAR IBRAHIM 


ABSTRACT 


The face-centered cubic phase x(Fe,Co,Ni,S) has been shown to exist, at room temperature, 
within wide composition limits in or close to the MSs section of the quaternary system 
Fe—Co-Ni-S. The M:S ratio of the binary phase x(Co,S) is 9:8 with very narrow homogeneity 
ranges on both sides of Co9Ss, but in r(Fe,Co,Ni,S) the ratio is somewhat higher and appears 
to increase with decreasing cobalt content. Stoichiometric CogSs probably contains a small 
number of vacancies in both sublattices. It is quite likely that the sulphur sublattice is nearly 
fully occupied and that departures from stoichiometry are caused by the varying degree of 
occupancy of the metal sublattice. 

The crystal structure, which was proposed for CogSs and for the mineral pentlandite by 
Lindqvist et al., has been confirmed for these two substances and for r(Fe,Co,Ni,S) in general 
by X-ray and neutron powder diffraction. The present evidence does not support the crystal 
structure suggested for natural pentlandite by Eliseev; Eliseev’s model does not, in fact, 
account for the diffraction data of any of the substances examined in this work. 

Replacement of cobalt in #(Co,S) by iron or nickel or both results in an expansion of the 
unit cell, the maximum increase in a(x) amounting to about 3%. Cobalt in #(Co,S) cannot 
be replaced completely by iron or by nickel in samples prepared by dry synthesis, but if the 
substitution is simultaneous, the z structure will be preserved over a considerable range of 
compositions even on total replacement. The stability limits of x(Fe,Ni,S) have been found 
somewhat wider than those stated by Lundqvist. 
~ In w phases with the compositions CogMSs the metal atoms can conceivably be present in 
ordered sublattices. This possibility was explored by neutron diffraction in slowly cooled 
CosNiSs. Unlike in spinels, where nickel shows a strong preference for octahedral co-ordination, 
the cobalt and nickel atoms were found to be distributed at random. 


INTRODUCTION 


Nature of the x Phase 

The first definite evidence for the existence of phases containing less than 50 at.% 
sulphur in the system cobalt-sulphur was presented in 1908 by Friedrich (1), who 
investigated the system by thermal analysis. He concluded that three such phases existed 
in the system and ascribed them the formulae Co4S3, CosS4, and Co¢Ss, the latter two, 
however, only tentatively. The first of these sulphides was investigated by X-ray dif- 
fraction by Cagliotti and Roberti (2). They found that the sulphide had face-centered 
cubic symmetry and that its powder pattern resembled that of the, mineral bornite. Since 
the formula of bornite was then thought to be Cu;FeS;, Cagliotti and Roberti concluded 
by analogy that Co,S; was the stoichiometric composition of the phase. 

Hiilsmann and Weibke (3) reinvestigated the system in 1936. They confirmed the 
existence of the face-centered cubic sulphide but found by microscopic examination that 
a sulphide of the gross composition CoS; was not homogeneous. They considered the 
formula Cog¢S; to be more consistent with the experimental facts. 

A detailed study of this phase was undertaken in 1936 by Lindqvist, Lundqvist, and 
Westgren (4, abbreviated in the following to LLW). The space group of the sulphide 
was shown to be O,5—Fm3m, and from its experimental density it was inferred that 
there were four Co,Ss formula units per unit cell. The 36 cobalt atoms were distributed 
over two sets of equivalent lattice sites, one containing 32, and the other 4, atoms. 
Similarly the 32 sulphur atoms were split up into a set of 8 and a set of 24 atoms. The 
agreement between the calculated and the visually estimated powder-pattern intensities 
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was satisfactory. The correctness of the proposed formula CogSs was thus supported 
by a crystal-structure argument. 

The crystal structure of the mineral pentlandite was discussed in the same paper. 
Although pentlandite is one of the most important nickel minerals, its formula remained 
uncertain for a long time. Alsén (5) proposed for it a crystal structure based on the 
space group O,'—Fm3m, taking the number of atoms per unit cell as 64. This would 
correspond with the LLW structure of CoySs containing only the 32 metal atoms, so 
that the corresponding formula would be (Fe,Ni)S. The agreement between the calculated 
and observed intensities was rather good, but there were certain discrepancies. These 
Alsén attributed to slight errors in his choice of the atomic parameters, which, incidentally, 
were the same as those proposed later by LLW for CoySs. However, LLW considered 
pentlandite to be isostructural with Co Ss, so that the incomplete agreement between 
Alsén’s calculated and observed intensities was, in their view, due to an incorrect formula, 
i.e., to the additional four metal atoms per unit cell of pentlandite. The formula of the 
mineral would then be (Fe,Ni) Ss, in complete analogy with CogSs. The LLW structure 
proposed for these two substances was later incorporated as the structure type D8, in 
the Strukturbericht (7). 

LLW prepared two artificial pentlandites, Fes ;Nia3Ss and FesNi;Ss. The powder 
patterns of these two samples contained the lines of the CogSs pattern and, in addition, 
faint lines of a pyrrhotite phase. No explanation was advanced for the presence of the 
pyrrhotite lines. 

The investigation of the system Co-S was repeated by a number of workers, all of 
whom presented evidence in support of the existence of a cubic phase at or near CoSs. 
Lundqvist and Westgren (8) did not observe any changes in the lattice constant of 
CooSs on annealing and quenching from 200, 500, 650, and 800° C, regardless of whether 
cobalt or CoS was also present. They concluded that Co Ss in their experiments had a 
sharp, constant composition. In an ‘investigation of the CoS;.0s-FeisS;3 section of the 
system Co-Fe-S, Curlook and Pidgeon (9) prepared a number of Co-S samples with 
compositions in the vicinity of CogSs. They reported that the sample containing 32 
wt.% sulphur was essentially cubic but small amounts of a hexagonal phase were 
detected by X-ray spectrometer analysis. From this and from the previous finding (4) 
that a sample with 31.6 wt.% sulphur had contained free cobalt, they concluded that 
the composition of the cubic sulphide would be better expressed by the formula Co;5S)3. 

Rosenqvist (10) measured the sulphur pressures and the H2S/He2 equilibria in the 
systems Co-S, Fe-S, and Ni-S between 400 and 1200° C. He confirmed that the phase 
Co Ss was stable up to about 835° C and that it had only a very narrow homogeneity 
range. He also suggested that CoS; and pentlandite, being isostructural, were stabilized 
primarily by the electron/atom ratio. Stubbles (11) reinvestigated the stoichiometry 
of the sulphide between 585 and 800° C by the same method. He came to the conclusion 
that, while at higher temperatures there was a homogeneity range representable by 
the formula Cog;,Ss with x between —0.013 and +0.031, the limiting composition of 
the phase in equilibrium with cobalt remained slightly higher in cobalt than the stoichio- 
metric as the temperature was decreased, though the limiting sulphur content was 
probably still above 47.05 at.% sulphur. The limiting composition of the phase saturated 
with sulphur could not be determined from Stubbles’s data, as it was not possible to 
predict the trend of his sulphur-pressure curves for temperatures below 585° C. 

Lundqvist (12) later extended his structural investigations to the system Fe—Ni-S. 
The expected narrowness of the homogeneity range of (Fe,Ni)9Ss with respect to the 
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M:S ratio seemed to be confirmed by the fact that he did not observe any variation in 
the lattice constant with the sulphur content of the samples. Varying the Ni:Fe ratio 
did affect the lattice constant, however, and from this variation Lundqvist established 
the stability limits of the synthetic pentlandite phase below 200°C as 0.42+2 and 
0.58 +2 Fe/(Fe+Ni). The sulphur content of the phase was stated to be invariably 
47.0 at.% sulphur, irrespective of the total sulphur content of the samples or of the 
quenching temperature. 

Lundqvist referred to the synthetic pentlandite phase as the z phase. Since the letter 
x has not been used to designate any other well-defined type of alloy phases and no 
confusion is likely to arise, it is proposed that the term m phase be reserved for phases 
of the D8, type regardless of their stoichiometry. The introduction of this notation in 
preference to definite formulae seems desirable, as there are indications (see above) 
that the formula M,Ss may not be a correct representation of the composition of the 
two m phases, r(Co,S) and r(Fe,Ni,S). Furthermore, phases of this type have recently 
been claimed to exist in systems other than Co-S and Fe-—Ni-S (13, 14), so that com- 
pounds of this and of related types may be more numerous than hitherto supposed. 

Literature references to the composition and properties of natural pentlandite are 
numerous and often contradictory. Since a structural investigation of the mineral will 
be the subject of another paper in this series (15) a review of the pertinent facts will 
be found there. 


Crystal Structures Proposed for the Phase 
The crystal structures proposed for CogSs and for pentlandite by LLW are identical 

except for the nature of the metal atoms. The space group is O,5—Fm3m, with four 
formula units M,Ss per unit cell. The atoms are distributed over the lattice sites as 
follows (6): 

32 M in 32(f): xxx etc. (xy = 1/8), 

4 Min 4(8): 1/2 1/2 1/2 etc., 

24 Sin 24(e): x00 etc. (xg = 1/4), 

8 Sin 8(c): 1/4 1/4 1/4 etc. 


The 32 metal atoms occupy expanded tetrahedral interstices in a face-centered cubic 
lattice of sulphur atoms, while the remaining 4 atoms are in octahedrally co-ordinated 
positions. The sulphur atoms in 24(e) have the co-ordination number five, and those 
in 8(c) are four-co-ordinated. The metal atoms, which in CogSs are simply cobalt atoms 
with either four or six nearest sulphur neighbors, are in pentlandite distributed statistically 
over the two sets of sites. 

With the above choice of xy and xs the co-ordination tetrahedra and octahedra of 
the metal atoms are regular. Their edge length is a./2/4, and the M-S distances are 
av/3/8 and a/4, respectively. The co-ordination tetrahedra of the 8 sulphur atoms are 
identical with those of the metal atoms. The metal atoms surrounding the five-co-ordi- 
nated sulphur are at the corners of a square pyramid with a base edge of a/4 and a 
height of 3a/8. The distance of the sulphur atom from the apex is a/4, the other four 
metal atoms being equidistant and at a/3/8. 

Eliseev (16) suggested in a recent study of the composition and crystal structure of 
natural pentlandite that the structure of the mineral differed from the LLW structure 
by the positions of the octahedrally co-ordinated metal atoms. From his drawing of the 
proposed structure it appears that he placed the four metal atoms in 4(a):000 etc. Since 
the LLW structure can be thought of as a regular array of antifluorite-type unit cells 
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alternating with face-centered unit cubes containing a single metal atom in the center, 
Eliseev’s structure would differ from this arrangement by concentrating all the metal 
atoms in the antifluorite-type cells, leaving the alternate cubes empty (Fig. 1). 
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Fic. 1. Schematic representation of the differences between the two crystal structures proposed for 
pentlandite. The unit-cell contents between s = —1/4 and 1/4 are projected on the 001 plane. The origin 
of Eliseev’s structure is shifted by 1/4, 1/4, 1/4 to match the LLW structure. Sulphur atoms, which would 
appear at the intersections of the 1/4- -co-ordinates, are omitted. 


The iron and nickel atoms occupying 32(f) in Eliseev’s structure were assumed to be 
present in the ratio 1:1 and completely ordered. Excess iron, or nickel, or cobalt some- 
times present in small amounts in natural pentlandite would be located in 4(a), thereby 
balancing the over-all composition. The ordered arrangement of the metal atoms would 
be expected to lower the observable symmetry of the unit cell, as there is no 16-fold 
position in O,5—Fm3m and the only 8-fold position has been utilized by the sulphur 
atoms. Eliseev believed to have evidence in support of his modified pentlandite structure 
in the doubling of certain lines in the powder photographs of the mineral and in the 
broadening of many “‘single’”’ lines, as, for instance, 440. He stated that the doublets 
were often strong and that they all could be indexed on the basis of the same unit cell. 
The doubling was observed not only in powder but also in rotation photographs. The 
splitting of the pentlandite lines was said to be similar to that observed by Micheev 
(17) with mineral diarsenides of iron and nickel. Micheev had shown that the line 
splitting was due to a lowering of the crystal symmetry with a simultaneous preservation 
of the general character of the structure. 


The MSs Section of the System Fe—Co-Ni-S 

The composition triangle of this section is defined by the three compositions Fe9Ssg, 
Co»Ss, and NiSs. Of these only CoSs can be obtained readily as a homogeneous phase 
by dry synthesis from the elements. 

NigSs has been reported by Peyronel and Pacilli (18) to consist, below 400° C, of a 
mixture of millerite and a phase of unknown structure with an approximate formula 
NizSe (V). V gave the poorest diffraction lines of all the Ni-S phases studied by these 
authors. Its powder pattern, which was obtained with unfiltered FeK radiation in a 
57.3-mm camera, contained a large number of lines and differed from that of r(Co,S). 
From this it was concluded that V had a low syvmmetry.* Presumably the same phase was 


*The statement attributed in reference 19 to Peyronel and Pacilli that N possessed a monoclinic symmetry 
does not appear in reference 18. It is probably due to a translator's error in the abstract of reference 18 in Chem. 
Zbl. 1943 I, 1457, which Lundqvist used instead of the original paper not available to him at the time. . 
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observed later by Lundqvist (19, 12), though he never succeeded in obtaining it in the 
pure state. These observations are in agreement with our own experience with this 
phase and with the analogous phase in the system Ni-Se (20). Lundqvist also stated that 
almost all the strongest lines of NV were close to, and possibly split up from, the strongest 
lines of the 7-phase pattern, and he advanced the suggestion that NV may have a degen- 
erate z structure. On the other hand, Sokolova (21), who reinvestigated the Ni-S system 
between 30 and 50 at.% sulphur by a number of methods, denied the existence of Ni7S¢, 
but reported a homogeneous phase with a composition NigSs. She claimed to have shown 
by X-ray diffraction that a sample of the appropriate composition consisted, on annealing 
at 200° C (and presumably also at 380° C), of the pure phase. She also obtained a local 
minimum in the electrical conductivity vs. composition curve close to NigSs.* The avail- 
able evidence concerning the identity and formula of the intermediate phase is thus 
quite conflicting. One cannot, of course, exclude the possibility of existence of more 
than one low-temperature phase between Ni;S2 and NiS, nor can much reliance be placed 
in the above interpretations of diffraction patterns of inferior quality. Leaving aside the 
exact nature of this phase, we shall refer to it in the following simply as N. 

No iron sulphide higher in iron than FeS has ever been mentioned to exist in preparations 
obtained by dry synthesis or by degradation of higher iron sulphides. However, a cubic 
sulphide was reported quite recently (14) to form on the surface of mild steel exposed 
to wet hydrogen sulphide. The sulphide was first noticed as a corrosion product of steel 
in the sour crude wells of Kansas and was given the name kansite. Its X-ray powder 
pattern was reported to be compatible with a face-centered cubic lattice with a = 10.1 
+0.05 A. On this and some analytical evidence it was suggested that the sulphide had 
the formula Fe Ss and that it was isostructural with Co,Ss. 

Although a number of studies of the three ternary systems, Fe-Ni-S, Fe—Co-S, and 
Co-Ni-S, are available (22, 23, 24, 12, 25, 26,-27, 9, 28), structural data concerning the 
MSs sections are scanty. Curlook and Pidgeon (9) reported the existence of a cubic 
phase in alloys containing 0-32 wt.% Fe12S;3 in the section CoS; os—Fe12S:;. The phase 
was detected by powder photography in alloys containing up to 30 wt. % and in polished 
sections of alloys containing up to 32 wt.% Fe2Si3. Its lattice parameter was stated to 
increase by only 0.008 A over the composition range 0-30 wt.% Fe12S:3, which was 
taken as an indication that the cubic phase contained very little iron. 

The only ternary system investigated in detail by X-ray diffraction was Fe—Ni-S 
(12). Lundqvist established the saturation limits of the homogeneous 7 phase in the 
(Fe,Ni)9Ss section (see above) as well as the nature of the phases coexisting with 7 in 
the adjacent phase spaces below 200° C. This and other available evidence points to 
the existence of a ternary z phase over a considerable region of the M,Sx plane. 


Purpose of this Investigation 

The state of our knowledge of the x phase that can be obtained by collating the 
available data may be summarized as follows. 

A ternary 7 phase exists in the system Fe—Co-Ni-S over an appreciable composition 
range. Arguments based on the crystal structure proposed for CosSs by LLW lead to 
the formula (Fe,Co,Ni) Ss, but there is evidence that the metal content of the phase 


*The experimental evidence presented in Sokolova’s paper in support of the formula NiSs is not entirely 
convincing. There are no details of the X-ray investigation, and nothing is said about the diffraction pattern of 
the phase. The position of the conductivity vs. composition minimum seems to favor the formula Nise at least 
as well as NigSs, as far as can be judged from Fig. 3 of the original paper. The constitution diagram of Fig. 1 
of her paper does not obey the phase rule along the line e-s-t-d. 
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may be higher than would correspond to an M:S ratio of 9/8. The homogeneity range 
with respect to the sulphur content of the phase is probably narrow. Since CogSs and 
natural pentlandite, (Fe,Ni)gSs, had been reported by LLW to be isostructural, Rosen- 
qvist proposed that the 7 phase is stabilized by the electron/atom ratio, the electron 
stabilization being similar to that encountered in the Hume—Rothery and related phases. 
On the other hand, Eliseev suggested that the LLW structure for CosSs, though similar, 
does not apply to natural pentlandite and that the correct structure of the mineral is 
a modified version of the LLW structure. His argument was based on the observation, 
which he claimed to have made, that the diffraction symmetry of pentlandite was lower 
than that of Co,Ss. 

Since Co,Ss and natural pentlandite are the only two substances listed in the Struk- 
turbericht and elsewhere as belonging to the D8, type, Eliseev’s statement is of sufficient 
importance to merit a re-examination of the structural evidence, and this was one of 
the aims of this study. A number of comments apropos of the two postulated structures 
can, however, be made immediately. When examining the evidence presented in support 
of the modified structure, attention should be drawn to the fact that Eliseev seems to 
have used unfiltered FeK radiation and a powder camera of 66-mm diameter. The repro- 
duction of a powder photograph of pentlandite on page 57 of Eliseev’s paper, intended 
to demonstrate the line splitting, is hardly of a quality suitable for examining the nature 
of the reported doublets. Since LLW found their focusing-camera photographs of CogSs 
and natural pentlandite to be identical (except for a lineshift due to different values of 
a), evidence for the correctness of Eliseev’s pentlandite structure would also be evidence 
against the LLW structure proposed for the cobalt sulphide. Interchanging the occu- 
pancy of 4(a@) and 4(4) would produce observable changes in the line intensities for the 
two substances, but this point is not discussed in Eliseev’s paper at all. The atomic 
arrangement in Eliseev’s structure is not very probable on entropy grounds, and there 
are certain symmetry arguments against symmetry degeneration brought about by the 
ordering. It is not known if Eliseev’s modification would apply to synthetic pentlandite. 
There may be significant differences between the natural and the synthetic material 
whose possible existence must be kept in mind. 

Regardless of which of the two structures is correct in any given case, there exists a 
possibility of ordering of the metal atoms in homogeneous z phases containing two kind 
of metal atoms in the ratio 1:8. That such preferential arrangement is likely to be expected 
with certain elements is well known from the crystallography of spinel-type compounds. 
No z phase of such composition had been reported in the literature prior to this work 
(cf. 29). If ordered homogeneous 7 phases of compositions CosFeSs and CogNiSs can 
be obtained, the ordering would be difficult to detect because of the close similarity 
of the X-ray atomic scattering amplitudes of the three metals and the unfavorable ratio 
of the two metals in such phases. The segregation of the iron or nickel metals into 
octahedral sites could, however, be demonstrated by neutron diffraction. 

Rosenqvist’s suggestion that the + phase may be 3d-electron stabilized is worth while 
examining. The phase has a certain amount of metallic character, but the reported 
existence of FegSs (14) and the possibly close relationship of + and V (19, 12) throw 
some doubt on such stabilization. A preliminary to a more detailed study of this point 
would be the knowledge of the limits of existence of the + phase at room temperature 
in the M,Sx, section of the Fe-Co—Ni-S system. To obtain this information by X-ray 
techniques is the main purpose of this work. The stoichiometry of the 7 phase and the 
correctness of representing its composition by the formula ./,Ss3 will also be examined. 
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EXPERIMENTAL 


Materials 

Sulphur, Sublimed Merck, USP, was distilled four times im vacuo and kept in tightly 
closed containers. Carbonyl iron powder, G. A. and F. Grade L, of average particle 
size 20 microns was used throughout. The supplied analysis of the powder was 99.6-99.9% 
Fe, 0.01-0.06% C, 0.10-0.30% O, 0-0.005% N. The powder was reduced with purified 
hydrogen before use. Spectrographic analysis of the reduced powder gave 0.03% Ni; 
cobalt was not detected. 

The bulk of the nickel used in the investigation consisted of carbony! nickel shot 
kindly donated by the International Nickel Company of Canada, Limited. The supplied 
analysis read 99.9% Ni, 0.008% Cu, 0.025% Fe, 0.04% C, 0.01% S. The shot was 
cleaned in acid immediately before use and was in most cases degassed by heating in 
vacuo. Since it was impractical to use the shot where small amounts of nickel were 
required, a quantity of nickel powder was obtained by reduction of nickel oxide with 
purified hydrogen. The oxide was prepared by calcining nickelous nitrate hexahydrate 
low in cobalt (Baker and Adamson Reagent Special). The supplied lot analysis of the 
nitrate, expressed as maximum limits of impurities, was as follows: insoluble, 0.005%; 
0.002% SO,4; 0.001% Fe; 0.002% Co; 0.005% Cu; 0.005% Pb; 0.001% Cl; 0.05% NH:3; 
alkalies and earths, 0.10%; total impurities, 0.17%. Spectrographic analysis of the metal 
powder gave 0.002% Fe and 0.002% Co. 

Nickel shot caused difficulties in the quartz glass reaction tubes during the initial 
heating. As the nickel beads grew in size, owing to the formation of the less dense sulphide, 
the tubes cracked on a number of occasions. In addition, the pellets were too large for 
convenient handling when filling the reaction tubes. A large amount of Ni;S2 was therefore 
prepared separately and crushed to 100 mesh: for use instead of the shot. 

Purified cobalt powder low in nickel (Fisher Scientific No. C-363) was reduced with 
hydrogen before use. Spectrographic analysis of the reduced powder, which was carried 
out only after most of the samples had been prepared, revealed the presence of 0.3% 
iron and 0.4% nickel. The purity was thus much inferior to what had been expected, so 
that the iron and nickel contents of the cobalt powder must be taken into account when 
stating the compositions of the samples. However, the Fe:Ni ratio was sufficiently close 
to one for all the sample compositions to be shifted by small amounts in the same direc- 
tion, namely almost parallel with the constant-ratio line CogSs—Fes sNigsSs of the com- 
position triangle. The shift would be largest for CogSs and it would decrease in proportion 
to the cobalt content of the samples. Samples with no cobalt would not be affected, 
while the true composition of No. 1 (see Table 1) would be Feo .o27Cosg.937Nio.o3x6Ss rather 
than CoS s. The deviation from the intended composition is quite small and one finds 
that the change in a produced by the impurities can be expected to affect only the fourth 
decimal (see Results and Discussion). Since the accuracy of the lattice constant of 
CogSs is of some importance, especially in view of the discrepancies in the reported 
values, four additional samples (Nos. 46, 47, 48, 49) were prepared from Johnson Matthey 
spectrographic-purity cobalt sponge. The sponge was freshly reduced before use. A small 
variation in the sulphur content was introduced to establish if there was any change in 
a arising from the possible existence of a narrow homogeneity range. However, the a 
values of these samples were all within the error limits of the value 9.929+2 A obtained 
for No. 1. The lattice constant of r(Co,S) is thus indeed quite insensitive to the presence 
of small amounts of iron and nickel, so that the lattice constants obtained with samples 
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TABLE I 
Compositions and properties of FezCoyNi,Ss alloys 

















Fe,Co,NisSs 
No. of Phases ‘ 

No x y Z annealings present* a(x), At g/cm? 
1 _ 9 -- 1 7 9.929+2 5.233+9 
2 4.5 = 4.5 2 ar+P+T? 10.115 2 4.944 40 
5 -- 8 1 2 7 9.946 1 5.226 9 
6 3 3 3 2 a+P? 10.016 1 
10 1 8 -= 2 ar+T 9.943 2 5.205 1 
ll 4.186 _— 4.814 2 r+P+T? 10.105 2 
12 1 1 ei 2 a+? 10.050 2 
13 _- 2.25 6.75 2 r+? 10.008 2 
14 _ 4.5 4.5 2 r+? 10.004 2 
15 5.571 =: 3.429 2 rt+T 10.154 1 
16 3.286 — 5.714 3 r+P 10.097 2 
17 3.857 1.286 2.857 2 a+T+P? 10.058 2 
18 4 1 4 2 r+P 10.069 1 
19 3 1 5 2 r+P 10.062 2 
20 2 1 6 3 r+P 10.061 2 
21 2.25 — 6.75 2 r+? 10.086 2 
22 6.75 _ 2.25 2 ar+T 10.211 2 
23 5 1 3 2 a+T+P? 10.102 2 
24 6 1 2 2 ar+T 10.119 2 
25 5.4 1.8 1.8 2 a+T+P? 10.081 2 
26 1 _ 8 3 a+? 10.090 5 
27 a 1 8 2 ? — 
28 1.8 1.8 5.4 2 a+? 10.041 1 
29 = —- 9 1 N+NiS _ 
30 1.667 1 6.333 2 w+? 10.057 3 
31 7.2 —- 1.8 2 a+T+y7? 10.210 2 
32 8 — 1 2 xr+T 10.22 
33 7 1 1 2 r+T 10.087 3 
34 4.091 2.4545 2.4545 2 a+T 10.044 2 
35 1.286 3.857 3.857 2 . 10.000 1 
36 Ni7S¢ 2 N — 
37 —- 6.75 2.25 2 cg 9.963 1 
38 —_ 5.625 3.375 2 r 9.984 1 
39 1 5 3 2 vr 9.982 1 
40 1.8 5.4 1.8 2 r+P 9.974 2 
41 3.857 3.857 1.286 2 r+T 10.023 2 
42 4.5 4.5 — 2 at+T 9.975 2 
43 3.375 5.625 =: 2 ar+T 9.977 2 
44 2.25 6.75 -— 2 r+T 9.960 1 
454 — 1.8 7.2 2 ? — 
469 — 9 -— 1 7 9.9279 5 5.295+9 
474 Coi5S13 = Co9.230S8 l Tv 9.9283 9 5.324 9 
489 Cog.41258 1 T 9.9287 9 5.350 23 
499 Cos.ss9Ss 1 3 9.9256 10 5.319 7 
50 2.4545 2.4545 4.091 2 a+M?? 10.022 2 
51 5 3 1 2 wr+T+y7? 10.030 2 
52 3 5 1 2 ar+T 9.990 2 
Neutron — 9 — 1 © 9.9286 20 
Neutron — 8 1 1 T 9.9426 27 





*P, pyrrhotite; T, troilite; M, millerite; y, face-centered (Fe,Ni); N, ‘‘Ni:Se”. {The uncertainty in a refers to the last decimal 


figure. tAverage of three determinations. §Estimated from graph. @Prepared from spectrographic-purity cobalt. 


prepared with the impure cobalt powder remained unaffected within the accuracy limits 
of this work. 

The lattice constants of the reduced iron, cobalt, and nickel powders were 2.86595 A; 
2.506 and 4.078 A; and 3.5237+1 A, respectively. The lattice constants of NisS: were 
5.743 and 7.154 A, c/a = 1.246. All these values were in good agreement with the 
literature values (30, 31). 
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Preparation of Samples 

In order to keep the number of samples at a minimum the sample compositions were 
chosen in such a way that they would fall on constant-percentage or constant-ratio 
lines of the composition triangle FegSs—CogSs—-NiySs (Fig. 2 and Table I). The total 
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Fic. 2. Compositions of the synthetic samples. 


amount of each sample was not less than 10 grams. Carefully weighed quantities of the 
elements were transferred quantitatively into clean degassed tubes of transparent 
silica. The tubes were evacuated to 10-5-10-* mm Hg, sealed off, and transferred into 
a deep horizontal tubular furnace with a steep temperature gradient and the hot zone 
at about 700° C. The strongly exothermic reaction between the fine metal powders and 
the free sulphur required extra care and some skill in initiating the reaction (29). When 
all the sulphur had reacted the tube was pushed completely into the hot zone and left 
there for about half an hour to ensure complete conversion of the metal, as otherwise 
the malleable metal particles would cause difficulties in subsequent handling. On cooling 
the tube was opened carefully, the sample removed, inspected for glass chips, and crushed 
to pass 100 mesh. The thoroughly mixed powder was again transferred into a transparent 
silica tube, which was then evacuated, sealed, and transferred into a vertical tubular 
furnace for homogenization. This procedure was repeated to ensure equalization of 
composition both by mechanical mixing and by diffusion. 
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The progress of homogenization was determined from powder photographs and from 
the internal consistency of the lattice constants. Wherever necessary a third homogeni- 
zation was carried out. The samples were kept at the annealing temperature, which was 
usually in the vicinity of 800° C, up to 120 hours (29). Absence of reliable information 
on the phase equilibria in the system Fe-Co—Ni-S made the choice of the upper tem- 
perature limit for subsolidus annealing uncertain. It seems that the solidus must be 
somewhere in the vicinity of 820° C for most compositions of interest. 

The strong shrinkage on homogenization indicated good consolidation of the initially 
loose powder. The sintered ingots were so compact that they had to be crushed in a 
hardened-steel mortar before grinding. The shrinkage was particularly appreciable for 
samples low in cobalt.* 

The annealed samples were allowed to cool slowly in the furnace at a cooling rate 
of not less than 70° C/hour. The silica glass in contact with samples rich in cobalt 
devitrified to a white milky surface layer. The thickness of the layer varied with the 
length of contact and with the maximum temperature to which the tube had been 
exposed. The powder photographs of the devitrified product showed it to be ordinary 
crystalline quartz. Only in a few instances, where the samples were kept at temperatures 
over 810° C for long periods of time, was there a slight blue or purplish coloration of the 
silica in contact with the sulphide. 

The color of the sintered powders varied from grey to pale yellow, depending on the 
composition. Samples rich in iron tended to be grey, those rich in nickel were pale 
vellow. Massive cobalt-rich alloys were greyish-white. All the alloys were brittle. 


X-Ray Diffraction Technique 

Powder diffraction photographs of the samples were taken in Straumanis-type cameras 
of 114.6- and 57.3-mm diameter. Filtered and unfiltered FeK and CrK radiations were 
employed throughout except for the nickel samples, where CuK radiation was used. The 
following wavelengths were used in the calculations: CrK.,, 2.28962 A; CrKa,, 2.29352 A; 
FeK.,, 1.93597 A; FeK.,, 1.93991 A; CuKz,, 1.54050 A; CuK,,, 1.54434 A. Care was 
taken to avoid disproportionation in the preparation of the fiber-mounted specimens. 
Nelson—Riley extrapolation was used in the lattice-constant determinations, utilizing 
reflections with @ at least 30° and fitting the straight lines by least squares. 

Although some samples gave very good patterns with sharp lines even at high Bragg 
angles, the quality of most of the high-angle lines was only fair. The diffuseness of these 
lines could not be improved appreciably by annealing the 325-mesh powders below 
400° C for 2 or 3 days. The improvement was not great enough to warrant the time 
and effort spent in the long annealing process. Samples near the NigSs corner were the 
most troublesome (Nos. 12, 13, 26, 27, 29, 45). Their photographs contained many fine 
and diffuse interfering lines which made accurate measurement impossible.f Almost 
equally troublesome were the compositions near Fe,Ss, the only difference being that 
the interfering lines were fewer (Nos. 32, 33, 42). The lines of the + phase in some of 
these photographs were, however, still distinguishable and could be measured. Thus for 
composition Nos. 13, 26, 32, 33, and 42 the lattice constants of the equilibrium a phase 


*It is not certain whether the strong shrinkage of the samples low in cobalt, or with no cobalt at all, was caused 
by higher surface mobilities of iron and nickel atoms or by solidus temperatures lower than in the system Co-S. 
In the latter case the annealing temperature might have been above the solidus and the consolidation could have 
been aided by small amounts of a liquid phase. 

tThe same difficulty was encountered by Lundqvist (19) in his study of the system Ni-S, and in our laboratory 
with nickel selenides of similar compositions. 
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could still be evaluated. The values of a obtained from these films. were, of course, of 
lower accuracy, although a check using a sin? @(844) vs. a graph showed that the dis- 
crepancies were not serious. 

Either FeK or CrK radiation was used, except for Nos. 13, 27, 29, and 36, where 
photographs were taken with both radiations. The CrK photographs were obtained to 
increase the resolution, which was inadequate with FeK radiation. 

Diffraction lines not belonging to the 7-phase pattern were frequently present in the 
photographs. Except for the above samples the foreign lines did not interfere with the 
measurement of the 2-phase lines. 

The relative intensities were obtained by planimetering the diffraction peaks on 
diffractometer charts taken with filtered FeX radiation. 


Neutron-Diffraction Study 


The lead-crystal neutron spectrometer installed at the NRU reactor of the Atomic 
Energy of Canada, Ltd., in Chalk River was used to obtain the neutron powder diffraction 
patterns of CogSs and CogNiSs. These samples were prepared in sufficiently large quantities 
especially for this purpose.* CogSs was kept at 750° C for 6 days and then cooled in 
the furnace which was controlled to give an average cooling rate of 38°/hour. The 
CosNiSs sample was kept at 810°C for 4 days. It was then brought to 445°C at an 
average rate of 2°/hour. Below this temperature it was allowed to cool at the natural 
cooling rate of the furnace. 

The 200-mesh powders were sandwiched between two pieces of aluminum foil 0.005 in. 
thick in a circular aluminum specimen holder of 4-in. diameter. The thickness of the 
powder sandwich was 1/8 inch. Transmission half-angling scans were made in 1/4° 
(20) steps. The neutron beam of an effective wavelength of 1.910 A was contaminated 
by about 8% of second-order neutrons of 0.955 A wavelength. The amount of inter- 
ference due to the second-order reflections was determined by making each run twice, 
once with a Norton No. 0’ blank disk and then with a Norton No. 3 samarium oxide 
disk, which reduced the second-order intensities to about one-third. Even so, however, 
the composite effect of the background and of the reduced second-order peaks did not 
permit evaluation of the intensities of weak first-order reflections. . 

The integrated intensities were obtained by planimetering the diffraction maxima. 


Density Measurement 


Densities of the samples were determined with pyknometers of 25- and 50-ml capacity 
using degassed paraffin oil (Stanolax) as displacement liquid. About 4 g of 100- or 
200-mesh powder was placed in the dry, weighed pyknometer. The pyknometer was 
transferred to a vacuum desiccator, evacuated, and filled with the degassed oil without 
breaking the vacuum. The filled pyknometers were brought to 25+0.02°C before 
inserting the stoppers. Three separate determinations were made for each powder filling. 

The average of four calibration runs with C.P. KCl was 1.9826+14 g/cm’, which is 
only 0.08% lower than the usually quoted density, 1.984 g/cm’, and 0.2% lower than 
the value of 1.9867 g/cm’ based on a(25° C) = 6.2929 A (32) and N = 6.0235 x 10?3. 


*The cobalt used was 99.55% electrolytic cobalt donated by the International Nickel Company of Canada, 
Ltd.; it contained 0.4% nickel. Correction for the nickel content was made when preparing CosNiSs. The small 
discrepancies in a(x) of the neutron-diffraction specimens in Table I are probably due to the varying impurity 
content of the cobalt metal. 
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RESULTS AND DISCUSSION 


The Lattice Co tstants and Existence Limits of x(Fe,Co,Ni,S) in the M,Sx3 Section 

The results of the lattice-constant determinations are listed together with the sample 
compositions and densities in Table I. 

Figure 3 shows the variation of a(7) with composition as well as the limits within 











Vv aS, O .e, 
Fe,S, ¥ T+y? T 10.20 T PST? Pet? P ? ? NigSg 


Fic. 3. Limits of existence of 7 in the MSs section. Shaded area: pure x. Area within curved boundaries: 
quasihomogeneous = field. For abbreviations, see text. 


which x(Fe,Co,Ni,S) occurs in the MSs section of the quaternary system at room 
temperature. Only the samples within the shaded area gave diffraction patterns of the 
x phase free from foreign lines. All the other samples contained admixtures of other 
phases in varying amounts. The phase boundaries of the homogeneous 7 field were 
estimated from the variation of a(a) along the constant-percentage and constant-ratio 
lines. It is evident that the M,Ss plane cuts through the 7 space of the Fe-Co—Ni-S 
composition tetrahedron at most only in the region indicated by the shaded area.* Outside 
this region lines of troilite (J), pyrrhotite (P), and millerite (.Z) began to appear in 
the diffraction patterns. This would indicate that the thin z-space slab drops below the 
M.Ssy plane towards the Fe—Co-Ni side of the tetrahedron. Assuming that the samples 
were reasonably near their equilibrium states, the saturated + phases must have con- 


*The reliability of the boundary determination depends, of course, on the sensitivity of detection of the admixed 
phases by powder photography. No effort was made to ascertain the sensitivity limits, but tt is estimated that 
admixture of as little as 1-2 mole% of y and & mole% or less of the other phases can be detected. 
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tained less sulphur than would correspond to the formula (Fe,Co,Ni)9 Ss. This finding 
is in agreement with the presence of faint P lines in the powder patterns of the two 
artificial pentlandites prepared by LLW, Fe, sNig.sSs and FegNisSs (cf. Introduction). 

To judge by the relative intensities of the foreign lines the MSs plane must be quite 
close to the sulphur-saturation boundary surface of the x space. Furthermore, the thick- 
ness of the w slab cannot be appreciable (4, 12, 11). The tentative isoparametric contour 
lines in the quasihomogeneous 7 field refer, except for the shaded area, to sulphur- 
saturated 7 in equilibrium with the admixed phases rather than to homogeneous x of 
compositions identical with the gross sample compositions. They must, however, very 
nearly coincide with the appropriate contour lines in the boundary surface of the x 
space, the displacement caused by the projection of the two-phase tie lines being quite 
small. 

The saturation limits of +(Fe,Ni,S) were estimated from the discontinuities in the 
a(m) vs. composition curves as Feg sNi2.2Ss3 and Fee ¢Ni¢ «Ss, the lattice constants of the 
saturated phases being 10.210+3 A and 10.087+5 A, respectively. The homogeneity 
region of r(Fe,Ni,S) at room temperature is thus wider than stated by Lundqvist, whose 
values would correspond to the formulae Fes.22:1sNis.zsz185s and Fes 7s41sNis.224189s. 
Lundgqvist’s lattice constants for these limiting compositions were 10.195 and 10.095 A,* 
respectively, the former value having probably been arrived at from a() in FegNisSs (4).T 

Immediately outside the boundaries of the quasihomogeneous region of the M,Ss 
section there are three-phase sections through the adjacent room-temperature phase 
spaces. On the iron side the coexisting phases are y-Fe, JT, and z of equilibrium compo- 
sition. On the nickel side 7 coexists with M and JN. Since the sulphur-saturation boundary 
of the m space clears the M,Ss plane on approaching the FegSs—NigSs base line, small 
amounts of the B8 phase (P) will coexist with + in samples outside the shaded (homo- 
geneous) area. P will also appear in small amounts as a third’ phase with w and 7, and 
with and M, respectively, outside the boundaries of the quasihomogeneous region. 

Except very near the iron and nickel corners of the composition triangle of Fig. 3 
the amounts of phases admixed with + were small. The relative weakness of the foreign 
lines in the x diffraction pattern did not permit an evaluation of the composition depen- 
dence of the unit-cell dimensions of the P phase, although the positions of the 100, 101, 
and 102 lines of the P pattern in samples within the quasihomogeneous 7 region seemed 
to vary somewhat with composition. In fact, the faintness of the strongest foreign lines 
in some films made it difficult to distinguish between the T and P phases. Thus there 
is some uncertainty as to whether the second phase in sample Nos. 15, 23, 34, and 52 
was T or P. A further factor complicating the identification is our lack of knowledge 
concerning the stability and metastability of the nickel-saturated troilite. 

In the nickel corner the circumstances are even less favorable for an adequate phase 
analysis. The phases in equilibrium are 7, M, and N (or, more correctly, r+P+M, 
r+M, and r+N+M). According to reference 12 M seems to have little ability to 
substitute iron for nickel, and one would think that the millerite pattern would be 
easily recognizable in the photographs. However, as Lundqvist (19) observed in the 
system Ni-S for compositions near .V, the diffraction patterns were rather indistinct 
and difficult to measure with confidence. The composite patterns of samples in the 


*The values 10.175 and 10.075 of reference 12, though quoted in Angstrém units, were really in kX, as were 
all the lattice constants in references 4, 8, 9, 12, and probably also in reference 2. 

+The value of 9.91 A originally quoted for this composition in reference 4 was a misprint. It was corrected 
o 10.176 in reference 12 (cf. preceding footnote). 
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nickel corner thus hardly encourage attempts to clarify the phase relationships further 
than indicated in Fig. 3. This matter may be resolved later, when more information is 
available on the pertinent portion of the system Ni-S. 

The agreement between the present values of a(x) and those reported previously for 
m(Co,S) and Fes sNig.sSs is quite good, provided that the latter are converted to Angstrém 
units wherever this seems warranted (cf. footnotes 4 and 5 of Table I). For r(Co,S) the 
available values are 9.924+7 A (3), 9.927A (4,8), 9.92446A (9), and 9.93A (2). 
These values compare favorably with our values 9.929+2 A for No. 1 and 9.9279+5 A 
for No. 46. For Fes sNiasSs (No. 2) the present value of 10.115+2 A agrees well with 
the value reported in reference 4, 10.11 A. 

Only after the experimental work on this paper had been terminated the results of 
Stubbles’ redetermination of @ for r(Co,S) came to our attention (11). The powder 
photographs of his carefully equilibrated specimens were taken with filtered CoK radiation 
in a 19-cm Bradley-Jay type camera. The reported lattice constants of his two quenched 
samples, Cog9.9325s (Srs) and Cos 9s9Ss (Ses), were 9.9282+4 A and 9.926444 A, re- 
spectively. Both values fit well into our series of four samples prepared from spectro- 
graphic-purity cobalt (Nos. 48, 47, 46, and 49), although the uncertainty in our values 
is higher. Stubbles regarded the slight difference in a as significant and indicative of a 
narrow homogeneity range of the phase. This point will be considered in the next section. 

Substitution of cobalt by iron or nickel in (Co,S) causes an expansion of the unit 
cell. This is true for iron and nickel separately as well as for simultaneous substitution 
at different Fe:Ni ratios. Iron is capable of replacing cobalt to the extent of about 37.5% 
and with a corresponding increase in a of 0.049 A. The variation of a with the iron 
content is, within the limits of our accuracy, practically linear. The nickel substitution 
in r(Co,S) does not cause a second phase to appear up to about 50%, the corresponding 
lattice expansion amounting to 0.076 A. The variation of a is almost linear. 

Although homogeneous 2(Co,Fe,S) and #(Co,Ni,S) are confined to the above limits, 
cobalt in r(Co,S) can be replaced completely and the a phase preserved if Fe and Ni 
are introduced simultaneously. For the Fe:Ni ratio equal to unity the lattice constant 
increases on complete replacement by 0.188 A, i.e., less than 2%. For Fe:Ni ratios 
greater than 1, a increases to its limiting value, 10.210+3 A, whereas for smaller ratios 
it decreases to the limit of 10.087+5 A. The saturation limit on the nickel side cannot 
be determined accurately since the a vs. composition curve flattens out. The relationship 
between a and the Fe: Ni ratio, which is of some importance for the mineralogy of natural 
pentlandite, will be dealt with more fully in reference 15. 

The existence of r(Fe,Co,Ni,S) within wide Fe:Co:Ni limits on both sides of the 
CogSs—Fe,y sNig.sSs in or near the M,Ss plane satisfies the phenomenological requirement 
of an essentially constant 3d-electron content per unit cell which underlies Rosenqvist’s 
suggestion that the z phase might be electron-stabilized. In fact, the boundaries of the 
quasihomogeneous 7 field coincide roughly with the 6.5 and the 7.5 3d-electron-per-atom 
contour lines of the M,Ss section. Whether or not it is meaningful to speak of such 
stabilization can be shown only by demonstrating that a homogeneous z(Fe,S) or a 
homogeneous z(Ni,S) or both exist. If satisfactory evidence of the existence of such 
phases is obtained, the above suggestion cannot hold, and in any case the requirement 
of a constant 3d-electron concentration per unit cell ought to be reformulated in more 
fundamental terms. 

Though the relationship between natural pentlandite and the synthetic r(Fe,Co,Ni,S) 
phase will be discussed more fully in reference 15, it is of interest to note that the formula 
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Fey!Y Ni,’ (Co,Ni,Fe)o_1"Ss, proposed for the mineral by Eliseev, has been invalidated 
by the recent discovery of natural pentlandites containing up to 70% Co/(Fe+Co+Ni) 
(33). 

Crystal Structure and Composition of x(Fe,Co,Ni,S) 

Intensities of the powder diffraction lines of CogSs were calculated for FeK radiation 
using both the LLW model and the structure proposed by Eliseev for natural pent- 
landite. The parameter of the cobalt atom was taken as 1/8 and that of sulphur as 1/4. 
Neutral atomic form factors (34) were used in the calculation. For comparison, the form 
factors of Co** (estimated) and S*- were also used up to 222. The slightly different J,.:, 
values based on the ionic form factors are listed in Table II in parentheses. Temperature 
and absorption factors were not included in the calculations. The calculated values 
were compared with integrated intensities obtained by planimetering the diffractometer 
peaks of Co9Ss (average of four samples, Nos. 846, 847, 848, and 849), Fes sNig.sSs (No. 2), 
and Sudbury pentlandite (SI AU). 

As may be seen in Table II, the agreement between J,,, (CogSs) and the intensities 
calculated for the LLW structure is, on the whole, good. It is even slightly improved 
by using the ionic form factors for the first few reflections. The adopted parameters 


TABLE II 
Observed and calculated X-ray powder intensities for CosSs, Fes, sNig.sSs 
(No. 2), and Sudbury pentlandite (SI AU) 














Tecate, FeK low FeK 
hkl LLW _ Elieeev CoS, No.2  SIAU 
111 39(36)  172(156) 33 27 45 
200 6 6 6 5 5 
220 5 5 7 9 5 
311 93 (90) 21 89 75 82 
222 21(22) 21 (22) 31 31 31 
400 6 6 5 6 4 
331 9 40 15 15 21 
420 2 2 3 5 wat 
422 2 2 1 4 3 
511;333 29 7 33 29 29 
440 100 100 100 100 100 
531 6 28 5 6 <1: 
600;442 <2 <2 3 - 3 
620 1 1 <i 1 = 
533 10 2 12 il 15 
622 8 8 i 7 9 
444 1 1 2 oe 4 
711;551 4 16 4 1 5 
640 <1 <1 ain ~ ms 
642 1 1 <2 ‘i 3 
731 ;553 21 4 20 23 18 
800 21 21 19 20 22 
733 2 7 5 3 7 
820 ;644 1 1 <2 os os 
822.660 <1 <1 pad — we 
751 :555 i6 3 21 26 23 
662 6 6 9 12 11 
840 3 3 3 os = 
911;753 6 22 6 8 6 
842 1 1 — on a= 
664 <1 <1 — a - 
931 i8 4 19 16 28 
B44 138 138 122 123 120 
933;771 :755 9 29 
pita 3} 14 3} 34 14 8 10 
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must thus be very nearly correct. A small adjustment might result in further improve- 
ment, but the powder intensities were not considered sufficiently reliable to warrant 
such treatment.* In view of the relatively high proportion of multiple reflections no 
attempt has been made to calculate the customary reliability index. The interatomic 
distances calculated from the above parameters are Co'Y-S, 2.150 A, and CoY!-S, 
2.482 A. 

Since the atomic form factors of iron and nickel are very similar to the form factor 
of cobalt, Fes sNigsSs should yield, according to LLW, the same diffraction intensities 
as CogSs, and this should also be true of natural pentlandite. That this is indeed the 
case may be seen in the table, but it is possible that the small discrepancies are not 
entirely accidental. 

Isic Values for Eliseev’s structure model for pentlandite also are shown in Table II. 
The interchange of the four metal atoms in 4(6) of the LLW structure with 4(a) of 
Eliseev’s structure affects only those reflections for which all three indices are odd. 
Inspection of the table shows that Eliseev’s model does not apply to any of the three 
substances examined. The essential correctness of the LLW structure of z is thus sub- 
stantiated. 

The homogeneity range of r(Co,S) is difficult to establish with confidence. Stubbles’ 
equilibrium data (11) leave no doubt about its narrowness at temperatures above 600° C. 
At room temperature its width can be expected to be even less. An estimate has been 
attempted by plotting Stubbles’ and our own a(x) values for samples on both sides 
of Co Ss against at.% sulphur (Fig. 4). The consistency of the two sets of points is 
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Fic. 4. (a) Densities of Co—-S samples in the vicinity of CogSs: A, density of r(Co,S) assuming full 
occupancy of the S sites; B, density of x(Co,S) assuming full occupancy of the Co sites. (b) Variation of 
a(x) with composition in the vicinity of CogSs. Vertical lines indicate precision of individual determinations. 


surprisingly good. The homogeneity boundaries would appear to be at ca. 47.04 (Cog oo6Ss) 
and 47.11 at.% sulphur (Cog.937Ss). These limits are wider than the equilibrium data 
would suggest (cf. Introduction), but considering the uncertainties in drawing the lines 
of Fig. 4, the agreement must be viewed as reasonable. 

The lattice constant of r(Co,S) saturated with sulphur is estimated to be 9.9256+10 A 
and that of the cobalt-saturated phase, 9.9284+10 A. This corresponds to a decrease 
of a by about 0.003 A for an increase of 0.07 at.% sulphur. 


*Geller (35) obtained recently a value of 0.126 for xco from limited single-crystal data for CooSs, while xg did 
not yield to refinement. Since xco ~ 1/8 necessitates a distortion of the co-ordination polyhedra, a full-scale 
three-dimensional refinement of the structure would be desirable. 
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The measured densities (Table I and Fig. 4) are too few to be of any value for an 
estimate of the width of the homogeneity region. They are all consistently lower, by 
roughly the same amount, than the densities calculated from the X-ray density of 
CosSs for mixtures of CogSs+Co and CoySs+CoS. As can be seen from the graph, taking 
into account the width of the homogeneity region would make relatively little difference 
to the positions of the lines calculated for the mixtures, regardless of whether full occu- 
pancy of the available sulphur sites or that of the cobalt sites required by the LLW 
model is postulated for the structure of nonstoichiometric r(Co,S). The discrepancy 
between the densities can be explained by assuming that stoichiometric CosSs is intrinsi- 
cally defective and that 0.86% atoms of each kind are missing. This amounts to 0.310 
cobalt vacancies and 0.275 sulphur vacancies per unit cell, the corresponding formula 
of the stoichiometric phase being Cos 924S7.932. 

The existence of Schottky defects in stoichiometric binary oxides and chalkogenides 
has been demonstrated a number of times. Among the classical examples is stoichiometric 
CrS, which was shown to contain about 8% vacancies in each sublattice (36), and 
stoichiometric 6-TiO, in which the concentration of vacancy pairs is even higher, amount- 
ing to about 15% (87). Intrinsically defective phases of this type are usually 1:1 compounds 
but in principle there is no reason why a phase whose ideal composition is well defined 
by its crystal symmetry could not behave in a similar manner. 

The assumption of vacancies in the sulphur sublattice is not consistent with the very 
low mobility of sulphur in CogSs. Stubbles determined the self-diffusion coefficient of 
sulphur in x(Co,S) of varying stoichiometry at 800° C and found that the anion mobility 
was extremely low even along grain boundaries. From this he concluded that the sulphur 
sublattice contained few imperfections. The mobility of cobalt, on the other hand, is 
quite high; the self-diffusion coefficient of cobalt in CogSs at 800° C is about 10¢ larger 
than the self-diffusion coefficient of Fe in Fe;0, at the same temperature. This Stubbles 
attributed to the possibility of migration of the cobalt atoms between unoccupied octa- 
hedral sites in the structure. In stoichiometric CoS, this diffusion mechanism would 
presuppose an intrinsically disordered occupancy of the cobalt sublattice with some 
cobalt atoms in octahedral sites other than 4(b). These would also be the sites occupied 
by the excess cobalt atoms in phases with nonstoichiometric compositions Cos;,Ss, and 
the same diffusion mechanism would operate. In Cog_,Ss there is the additional possibility 
of migration between 4(6) and the other octahedral positions. According to this model 
the general formula of r(Co,S) would be Coo,Ss_,, where y < x. Since |x|nax reported 
in reference 11 was 0.031, the above value of y = 0.068 estimated from density data 
for stoichiometric CoSs, is certainly not of the right order of magnitude. On the other 
hand, the reliability of even very careful density determinations on powders is admittedly 
somewhat open to question, and the true densities may be higher than stated in Table I 
(the uncertainty quoted there refers to precision, not accuracy). 

As for the high self-diffusion mobility of cobalt, vacancies in the cobalt sublattice 
of stoichiometric CogSs would facilitate migration of the metal atoms and satisfy the 
condition of intrinsic disorder equally well as the displaced atoms postulated by Stubbles. 
Since tetrahedral as well as octahedral sites would be unoccupied, the differences in the 
potential (and activation) energies associated with the different types of sites (and 
jumps) would have to be considered when proposing a self-diffusion mechanism on the 
assumption of a structure deficient in both sublattices. It is, of course, possible for 
the structure of stoichiometric CooSs to conform with the formula Cog1—s)Ssq—s) and 
yet contain some of the cobalt atoms in interstitial, octahedrally co-ordinated positions, 
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though it cannot be determined from the densities whether this is the case. The X-ray 
diffraction intensities are too insensitive to be of use for small values of 6. 

Evidence presented in the preceding section shows that in r(Fe,Co,Ni,S) the M:S 
ratio was not exactly 9:8 but higher. Of the several possibilities to account for the excess 
metal the most likely one seems the arrangement proposed by Stubbles for Cog,,Ss, 
though not necessarily with the sulphur sites fully occupied. The correctness of this 
contention cannot, however, be supported from density measurements, as the observed 
densities do not refer to homogeneous 7 but to m-containing admixtures of other phases. 
Densities and relative amounts of the admixed phases have not been determined, since 
the gross compositions of the samples were restricted to the M,Sx section. 


Neutron-Diffraction Study of CogNiSs and the Possibility of Existence of an Ordered x Phase 

It seemed worth while to investigate whether in the stoichiometrically favorable 
samples CosFeSs and CogNiS, the Fe and Ni atoms would segregate into the octahedral 
sites with cobalt remaining in the tetrahedral positions. Since nickel appeared to enter 
the w structure more readily than iron, CosNiSs rather than CosFeSs was the composition 
selected for a neutron-diffraction study. 

The coherent neutron scattering amplitudes of iron, cobalt, and nickel are, in 10-'* cm, 
0.96, 0.28, and 1.03 respectively (38). The appreciable difference between the scattering 
amplitudes of iron and nickel on the one hand and that of cobalt on the other makes it 
possible to distinguish between the two extreme cases of distribution of metal atoms, 
i.e., between the completely random arrangement and complete segregation. 

All the neutron-diffraction maxima appearing in the experimentally accessible angular 
region 7.5-40.5° (@) in the powder patterns of slowly cooled CogSs and CosNiSs were 
accounted for on the basis of the chemical unit cell of x. The relative diffraction intensities 
of the more prominent maxima are listed in Table III. These figures provide, at the 


TABLE III 


Neutron diffraction intensities of CogSs and CosNiSs 



































I(CosNiSs) 
I(CoSs) Random Ordered Tove 
hkl LLW E LLW E LLW E CooSs CosNiSs 
111 5 24 7 31 <1 43 3 7 
311 21 5 27 6 37 <1 25 29 
222 27 27 19 19 7 7 31 20 
331 3 13 4 17 <il 24 6 6 
5115333 14 3 17 4 23 <1 16 20 
440 100 100 100 100 100 100 100 100 
531 4 17 5 22 <1 31 4 4 
Intensity ratio [(CosNiSs)/I(CoySs) 
Structure factor* LLW E 
hkl LLW E Random Ordered Random Ordered Observed 
111 —4frit11.3fco 4fuitll.3fcoo 1.66 0.22 1.66 2.90 (2.3)t 
311 —4 fini —11.3fc0 4fyi—11.3fco 1.66 2.90 1.66 0.22 1.65 
222 4fni—32fs 0.93 0.44 0.93 0.44 0.92 
331 —4fxit11.3fco 4fnit11.3fcoo 1.66 0.22 1.66 2.90 1.67 
420 4fni 1.65 13.55 1.65 13.55 +e 
422 4fri 1.65 13.55 1.65 13.55 (3.2)t 
511333 —4fxi—11.3fc0 4fni-—l1.3fco 1.66 2.90 1.66 0.22 1.55 
440 4fni+32fcot+32fs 1.31 1.63 1.31 1.63 3 





*For completely ordered CosNiSs; fco, 0.28; fny,. 1.03; fg, 0.31; Smixea 0.36. 
TValue uncertain. 
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same time, information concerning the degree of order in CogNiSs.and a correctness 
test for the two proposed structure models of the phase. From the intensity values 
normalized to I449 (upper half of Table III) one finds that a comparison of J,5, and Jeat¢ 
of CogSs favors the LLW model. This provides an independent confirmation of a similar 
conclusion based on the X-ray diffraction data. For CosNiSs the best agreement is 
obtained for the random LLW structure. 

Since interference from the second-order maxima could not be eliminated completely 
even with a samarium oxide filter, it may be argued that the agreement between J, 
and Iie is to some extent fortuitous. This objection is removed if one considers that 
the integrated diffraction maxima from atomic planes of CogSs and CogNiSs with identical 
indices are of the same order of magnitude. Consequently in the ratios J(CogNiSs)/J 
(CogSs) the effect of the second-order maxima will be very substantially reduced and the 
comparison will be more accurate and reliable, provided only that the diffraction peaks 
are reasonably strong. This is indeed the case (lower half of Table III). Comparison 
of the observed intensity ratios with those calculated for four different models confirms 
the conclusion made in the preceding paragraph, but unfortunately the uniqueness of 
choice between the LLW and Eliseev’s models with statistical distribution is reduced. 
There is, however, no doubt that the CosNiSs sample had a randomized structure. 

That ordered CosMSs phases of this type exist has been shown in cases with M other 
than nickel (39). The failure of CogNiSs to form an ordered phase must then be due to 
the lack of preference of nickel for octahedral co-ordination, though the ordered phase 
Cos'YNi‘'Ss might still be obtainable by even longer annealing at a more favorable 
(as yet unknown) temperature. In this respect CosNiSs differs from the oxidic spinels, 
in which divalent nickel has been shown to favor octahedral positions (cf., for instance, 
references 40, 41, and 42). The metal distribution in the somewhat related sulpho- 
cobaltite NiCo2S, (43) is not yet known, but for the corresponding cobaltites McClure 
(41) has predicted that FeCo.0, and Co;0, should be normal spinels, whereas N iCo2O, 
should be of the inverse type. 

We have not been able to corroborate Eliseev’s contention that the O,'—Fm3m sym- 
metry is lowered in natural pentlandite by an ordering of the iron and nickel atoms in 
32(f), but the possibility of such an arrangement cannot be ruled out, since the symmetry 
degeneration caused by the ordering may be virtually undetectable (see 15 for a more 
detailed discussion). 

Some idea of the tendency of nickel and iron to form ordered sublattices in 4(6) might 
be obtained from a comparison of the self-diffusion coefficients of nickel and iron in 
CosNiSs and CogFeSs (or its nearest homogeneous equivalent) with those of cobalt in 
CooSs over a range of temperatures. A similar investigation of the variation of the 
mobility of cobalt with composition along the line CogSs—Fes sNis.sSs might also be 
useful as an extension of Stubbles’ work. 


Further Observations 

Our diffraction data are not adequate to demonstrate the exact shape of the cobalt 
and sulphur co-ordination polyhedra in the z structure. Before the parameters xc, and 
xg are known with sufficient accuracy, reliable values for the interatomic distances in 
x(Co,S) cannot be obtained, nor can conclusions be made from the co-ordination stereo- 
chemistry of the atoms about their orbital configurations. 

In x(Fe,Co,Ni,S) there is an additional complication arising from the possibility of 
existence of ordered sublattices at certain compositions. For example, in CogNiSs with 
the cobalt and nickel atoms distributed statistically over the tetrahedral and octahedral 
sites, Xco and xx; might have somewhat different values, so that only average values of 
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the M-S distances could be obtained from a(x). The same holds a fortiori for compositions 
that preclude ordered arrangements. 

As for the increase of a(r) on replacing cobalt in Co Ss severally by iron and nickel, 
one would not expect to find that both kinds of atoms expand the lattice. Lotgering (43) 
reported a similar situation for the spinel-type cobaltites Feo.99Co2.01S4, Cos04, and 
NiCo.0,, whose lattice parameters were 8.254, 8.092, and 8.121 A, respectively. He did 
not succeed in preparing the sulphocobaltite FeCo2S,, but the lattice constants of Co3S, 
and NiCo2S,, 9.416 and 9.392 A, respectively, show the reverse trend on going from 
cobalt to nickel. The interatomic distances ‘‘M?*—X”’ in the chalkogenides of the 3d- 
series do show a minimum at cobalt for octahedrally co-ordinated M (44), but with a 
ratio of 8:1 of tetrahedral to octahedral sites in + attempts to rationalize the situation 
seem, in the absence of more detailed information on the distribution of the metal atoms 
in the nonionic CogFeSs and in the sulphospinels, premature. The increasing departure 
of r(Co,S) from the stoichiometric formula on progressive replacement of the cobalt 
with iron and nickel, and the possibility of some of the metal atoms being accommodated 
interstitially, may be partly responsible for the variation of a(x) with composition and 
should be considered in addition to the effect of the interatomic distances. 
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BOND LENGTHS AND BOND ANGLES IN OCTAHEDRAL, TRIGONAL- 
BIPYRAMIDAL, AND RELATED MOLECULES OF THE 
NON-TRANSITION ELEMENTS! 


R. J. GILLESPIE 


ABSTRACT 


The stereochemistry of molecules in which there are five or six pairs of electrons in the 
valency shell of a central atom is discussed in terms of the repulsions that = between pairs 
of electrons in the v alency shell as a consequence of the operation of the Pauli exclusion 
principle. An explanation is given for the difference in lengths of the axial and equatorial 
bonds in molecules such as PCI; and CIF; whose structures are based on the trigonal-bipyra- 
midal arrangement of five valency-shell electron pairs. The fact that in molecules with a 
central atom with a valency shell of six electron pairs, one of which is a lone pair and which 
have the structure of a square pyramid, the central atom always lies below rather than in, or 
above, the base of the square pyramid, is also accounted for. 


The stereochemistry of an atom in a molecule is determined by the total number 
of electron pairs, including both lone pairs and bonding pairs, in its valency shell (1) 
The operation of the Pauli exclusion principle which keeps electrons of the same spin 
as far apart as possible determines the arrangement of these electron pairs and this in 
turn determines the stereochemistry (2, 3). For non-transition elements, five and six 
pairs of valency-shell electrons adopt the trigonal-bipyramidal and octahedral arrange- 
ments respectively (1, 3). If we denote a central atom by A, a ligand by X, and an unshared 
pair of electrons by E then AX¢ molecules are octahedral (e.g., SF¢(I)), AXsE molecules 
are square pyramidal (e.g., BrFs(I1)), AXE. molecules are square planar (e.g., [CI4- 
(I11)), AXs molecules are trigonal-bipyramidal (e.g., PCI;(1V)), AX4E molecules have 
the structure of TeCl,(V), and AX;E. molecules are T-shaped (e.g., CIF3(VI)). In 
these molecules the bond angles are only equal to the “‘ideal’’ values of 120° and 90° 
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and the covalent radius of the central atom is only the same for all the bonds if all the 
electron pairs are strictly equivalent to each other. In many of these molecules the 
valency-shell electron pairs are not all equivalent even when all the ligands are the 
same and therefore deviations of the bond angles from the ideal values and differences 
in bond lengths are to be expected. These deviations from ideal structures which have 
been briefly considered in a previous publication (3) are discussed in detail in this paper. 


AX;, AX,E, AND AX;E: MOLECULES 
Bond Lengths 

It is a special feature of the trigonal-bipyramidal arrangement of five electron pairs 
that the positions occupied by the electron pairs are not all equivalent to each other 
in contrast to the completely equivalent positions of all the electron pairs in the tetra- 
hedral, octahedral, and square antiprism arrangements of four, six, and eight electron 
pairs respectively. in the trigonal bipyramid the two axial positions are not equivalent 
to the three equatorial positions (a and e, respectively, in IV). An electron pair in an 
a position has three nearest neighbors at an angle of 90° and one further away at 180° 
while an electron pair in an e position has two nearest neighbors at an angle of 90° and 
two further away at 120°. 

The Pauli repulsion forces which determine the arrangement of the electron pairs are 
of such a nature that they are very small when the orbitals of the two electron pairs 
do not overlap to an appreciable extent but they increase very considerably as the 
interelectron distance is reduced and the orbitals begin to overlap appreciably, i.e., they 
may be approximately represented as a function of some large inverse power of. the 
distance (3). Thus, when considering the resultant magnitude of the repulsions between 
sets of electron pairs the repulsions between nearest neighbors are much more important 
than those between electron pairs that are further apart, and, to a first approximation, 
all repulsions except those between nearest neighbors may be neglected. In the trigonal- 
bipyramidal arrangement of five electron pairs the two axial pairs each have three 
equatorial pairs at an angle of 90° as nearest neighbors while the equatorial pairs each 
have only two axial pairs at 90° as nearest neighbors. Hence the total repulsion exerted 
on the axial pairs is greater than that exerted on the equatorial pairs. This means that 
a trigonal-bipyramidal arrangement with the electron pairs all at the same distance from 
the nucleus will not be the true equilibrium arrangement but the distancés of the electron 
pairs from the nucleus will adjust themselves so as to equalize the repulsions between 
any pair of electrons. Evidently this will result in the axial electron pairs being at a 
greater distance from the nucleus than the equatorial pairs. Therefore the lengths of 
bonds to identical ligands in the axial and equatorial positions will not be the same (as 
is necessarily the case for bonds to four, six, and eight identical ligands in the tetra- 
hedral, octahedral, and square antiprism arrangements, respectively), but the axial 
bonds will be longer than the equatorial bonds. More generally, to take account of cases 
where the ligands are not all identical, we can say that the covalent radius of the central 
atom will be greater in the axial than in the equatorial direction. 

When one or more of the electron pairs is a lone pair another factor must be con- 
sidered. Bonding pairs which are under the influence of two nuclei occupy more restricted 
“thinner” orbitals than lone pairs which are under the influence of only one nucleus 
and occupy less restricted “‘fatter’’ orbitals (3). These larger lone-pair orbitals overlap 
more than the smaller bonding orbitals and consequently lone-pair electrons repel other 
lone-pair or bonding electrons more strongly than bonding electrons repel each other. 
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Thus in AX,E and AX;E2 molecules where there are one or two lone pairs in equatorial 
positions the greater repulsions exerted by the lone pairs will reinforce the difference 
in the lengths of axial and equatorial bonds discussed above. 

Covalent radii for phosphorus, tin, selenium, tellurium, chlorine, bromine, and iodine 
in AX;, AX4E, and AX;E2 molecules have been calculated from the experimental bond 
distances by subtracting the covalent radii (4) of the ligand atoms and the values are 
given in Table I. It may be seen that for all 13 molecules whose bond lengths have been 


TABLE I 
Equatorial and axial radii of 10-electron valency-shell central 
atoms in AX;, AX,E, and AX;Ez molecules 











Molecule Yeq( A) rax(A) Reference 
AXs 

PCls 1.05 1.20 5 

PCLF; 0.95 1.06 5 

SbCls 1.32 1.44 5 
AXE 

(CsHs)2SeCls 1.14 1.31 5 

(CHs. CeH,)2SeCls 1.17 1.40 5 

(CHs.CeH,)2SeBr2 1.17 1.40 5 

(CHs)2TeCle 1.33 1.52 6 

(C6Hs5)2TeBre 1.37 1.54 7 

10.F.- 1.27 1.36 5 
AX;E: 

CIF; 0.94 1.04 5 

C.H;ICl 1.23 1.46 5 

BrF; 1.08 1.18 8,9 





determined with sufficient accuracy the axial radius of the central atom is greater than 
its equatorial radius by 0.1 to 0.2 A. 

The five electron pairs are of course not strictly localized at the corners of the trigonal 
bipyramid. These are simply the positions at which they are most probably to be found 
and they may be regarded as effectively occupying all the space in the valency shell, 
each pair occupying an orbital which is directed towards one of the corners of the trigonal 
bipyramid; these are essentially the sp*d orbitals of valence-bond theory. Just as the 
five positions for the electron pairs are not equivalent to each other so the five sp*d 
orbitals are similarly not equivalent. It has been shown by making certain assumptions 
concerning the effective atomic numbers of the atoms involved that maximum overlap 
of an orbital of the ligand atom with an equatorial orbital of the central atom occurs at 
a slightly smaller internuclear distance than for an axial orbital (10) and therefore the 
axial bonds are expected to be slightly longer than the equatorial bonds. This is an 
alternative explanation to that given above but it involves some arbitrary assumptions 
and is in a sense less fundamental. Although the hybrid orbitals that it uses are a con- 
venient way of describing the electron arrangement this arrangement is essentially 
determined by the operation of the Pauli exclusion principle. McCullough and Marsh (11) 
have suggested that s orbitals of the next highest quantum shell (e.g. 6s rather than 5s 
for tellurium) contribute to the hybrid orbitals involved in the axial bonds. Such orbitals 
may indeed make a small contribution to the actual bonding orbitals but this is not a 
satisfactory explanation of the anomalous length of the axial bonds but only a convenient 
approximate description of the bond orbitals. 
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The difference in bond lengths in CIF; has been attributed to double bonding between 
the equatorial fluorine atom and the chlorine, but no explanation was given for why 
double bonding occurs with the equatorial and not the axial fluorine atoms (12). More- 
over, such a special explanation is not necessary in view of the fact that this molecule 
has a five electron pair valency shell in which we have seen that axial single bonds will 
be longer than equatorial single bonds to the same ligands. 


Bond Angles 

For AX; molecules with five identical ligands or with three identical equatorial and 
two identical axial ligands, as in PF3Cle, all the bond angles would be expected, and are 
found, to be equal to either 90° or 120°. In all other cases where there are two or more 
different ligands small deviations from the 90° and 120° bond angles would be expected, 
but no bond angles have been determined for such molecules. 

For AX,E molecules the extra repulsion exerted by the lone pair would be expected, 
in addition to lengthening the axial bonds as explained above, to decrease the angles 
between all the bonds. It may be seen from Table II that the angle between equatorial 


TABLE II 
Bond angles in AX,E and AX;E¢~ molecules 








Bond angle . Reference 





AX,E molecules 


e-e a-a 
Ph.SeBrz 110° 180° 5 
Ph.SeCl. — 180 5 
(p.CHs3.CeH,)2SeBre 108 183 5 
(p.CHs. CeH,)2SeCle 106.5 182 5 
(CH3)eTeCle 98.2 - 172.3 6 
(CeHs)2TeBre 96.3 182 7 
10.F.- 100 180 5 
AX;Ez2 molecules 
CIF; 87.5° 5 
BrF; 86.2 8 
CsH;ICle 86 5 





bonds is in every case reduced to a value considerably less than 120°. The angle between 
the two axial bonds differs only slightly from the value of 180°. It has been pointed 
out previously (13) that for second and subsequent row elements repulsions between 
valency-shell electron pairs do not become of appreciable magnitude until they make 
angles of approximately 90° with each other at the nucleus. It is reasonable then that 
the greatest distortion should occur in the angle between the equatorial bonds which 
is 120° in the ideal case as the repulsion between these electron pairs is small. The axial 
bond electrons make an ideal angle of 90° with the equatorial bond electrons, and any 
reduction in the angle between the axial bonds necessitates a simultaneous reduction in 
the angle that they make with the equatorial bonds. Such a decrease in this angle will 
be strongly opposed by the strong electron-pair repulsions which come into play at an 
angle of approximately 90°. In the case of (CH;)2TeCl: (VIII) the Cl—Te—Cl angle is 
slightly less than 180°, i.e., the Te—Cl bonds are bent slightly towards the Te—C bonds 
and away from the lone pair, as would be expected. In all other cases where a deviation 
from the ideal angle of 180° has been recorded the angle between the axial bond is 
slightly greater than 180°, i.e., the axial bonds are bent slightly away from the equatorial 
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bonds and towards the lone pair, e.g., (CgHs)2TeBre (VIII). This is not in accordance 
with the prediction made above but it may be noted that in all these cases the equatorial 


Cl Br 


{ CH3 CeHs 
e a. °  - 


187.7° Te i 98.2° I78 Ti ‘96.3° 
Cl Br 
(vil) (vi) 


ligands are phenyl, or substituted phenyl, groups and there may be additional repulsions 
between the bulky phenyl groups and the axial ligands and, moreover, the lone pair 
on the central atom might be expected to be conjugated with, and partially delocalized 
into, the aromatic rings which will reduce its repulsive effect on the bond electron 
pairs. The increased electron density in such partial double bonds between the tellurium 
and the benzene rings would increase the repulsions between these bonds and the axial 
bonds and this would also tend to decrease the angle between the axial bonds. 

For AX;E2 molecules the extra repulsions exerted by the two lone pairs in the equa- 
torial positions cause the axial bonds to lengthen as discussed above and the angles 
between the axial and equatorial bonds to be slightly smaller than 90° as shown by the 
examples in Table II. 


AXs, AX;E, AND AX,E; MOLECULES 

In octahedral AX¢ molecules all the bonds to identical ligands will be the same length, 
i.e., the radius of the central atom will be the same in all directions. For AX;E molecules 
which have a square pyramidal shape the extra repulsion exerted by the lone pair would 
be expected to cause the neighboring four bonds, i.e., those at the base of the square 
pyramid to be slightly longer than the fifth bond to the apex. Experimental evidence on 
molecules of this type is scanty (5). The four square-planar bonds are longer than the 
single bond to the apex in SbCl;?~ but they appear to be shorter in SbF;?-. The extra 
repulsion exerted by the lone pair would also be expected to decrease the angles between 
the bonds to slightly less than 90° giving a molecule in which the central atom is slightly 
below the base of the square pyramid. It has been recently pointed out by Grednic and 
Scavnicar (14) that this type of structure is observed in the following substances which 
all contain five-co-ordinated tervalent antimony with a square pyramidal configuration: 
K.SbF;, KSbFs, FeSb.S., HgSbyFs, PbAgSbS;, SbeS;. The same structure is also found 
for BrF; (15). In each case the central atom is found to be 0.1-0.3 A below the base 
of the square pyramid. No example is known where the central atom in an AX;E molecule 
is either in, or above, the base of the square pyramid formed by the five ligands. 

Molecules of the type AX,4E» (e.g., ICly- and BrF4-) are expected, and are found, to 


be square planar with equal bond angles and bond lengths (5, 16). 
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2-BONDING IN INORGANIC COMPOUNDS 


II. THE TRANSMISSION OF ELECTRONIC EFFECTS THROUGH 
SQUARE-PLANAR COMPLEXES"? 


A. D. WESTLAND AND L. WESTLAND 


ABSTRACT 


Measurement of the transmission of electronic effects through square-planar complexes 
of platinum has provided evidence of double bonding to halogen and nitro ligands. The 
nuclear magnetic resonance chemical shift of the 8-protons in pyridine ligands serves as an 
indicator of electron drift in the complexes. Justification is thus provided for the assumed 
mechanism of the trans effect involving +-bonding. The observations are in accord with the 
assumption that the increase in trans-directing powers with atomic number of the halogen 
is due to an increasing tendency to accept d-electrons from the central atom. 


Chatt, Duncanson, and Venanzi have sought to explain the trans-directing power of 
certain ligands in substitution reactions involving complex compounds by making use 
of a model involving the donation of d-electrons (1). Their explanation rests upon an 
examination of N—H stretching frequencies of amines situated trans to various ligands. 
It was argued that since the frequencies showed no correlation with trans-directing 
power the effect could not be due to a weakening of the metal — amine bond as a result 
of the inductive influence of ligands at the antipode of the molecule. These experiments 
were actually inconclusive, however, for if the trans effect operates as postulated by 
Grinberg (2) it does not depend simply upon the strength of the bond to the group 
being replaced but rather upon its strength relative to that of a similar bond in the cis 
direction. In a subsequent publication (3), Chatt and co-workers examined the infrared 
spectra of some complexes having cis configuration, as well as others having trans con- 
figuration, but this time they found no need to postulate the existence of w-bonds in 
their compounds. 

A number of authors have questioned the generality of the theory of z-bonding (4, 5, 
6). In fact it appears that the only evidence cited in support of the theory which is 
not circumstantial in character is that of Reeves (7), who found by means of a broad- 
line N.M.R. investigation of dichlorodiethylene-y,y’-dichlorodiplatinum(II) that the 
ethylene ligand is not free to rotate. Thus r-bonding to olefins seems clearly established. 
The present authors, in seeking evidence of such bonding to the d-orbitals of halogen 
atoms have examined the electron drift in the cis and trans forms of square-planar 
complexes of platinum(II) and a description of this investigation follows. 


DISCUSSION AND RESULTS 


The stability of complexes containing pyridine, a,a’-dipyridyl, o-phenanthroline, etc. 
may be variously accounted for as being due to (i) the mesomeric effect involving a 
partial double bond from the central atom to the nitrogen atom: 


\ ss . N 
— Me=N > 
Fd amare 
or (ii) an unusually large interaction energy resulting from a high polarization. Condition 


(i) would give rise to a z-electron drift toward the ligand as well as a g-electron drift 


1Manuscript received May 30, 1960. 
Contribution from the Department of Chemistry, University of Ottawa, Ottawa, Ontario. 
2Part I: Can. J. Chem. 38, 1300 (1960). 
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away, whereas condition (ii) would involve only a drift away from the ligand. It therefore 
seemed promising to examine the high-resolution N.M.R. spectra of complexes con- 
taining pyridine. 

If the bonding in trams-dipyridinedichloroplatinum(II) and trans-dipyridinedichloro- 
palladium(II) is solely of o-type, the stronger bonding of the former compound should 
stem from a greater polarization of the ligands. A comparison of the spectra of these 
two compounds failed to detect any significant difference in chemical shifts, however 
(see Table I). It is assumed that the chemical shift of the 6-proton in pyridine com- 


TABLE I 


Chemical shifts of the pyridine 6-hydrogen atoms in metal complexes 
(Values are given in cycles per second at 60 megacycles with respect to 
0.6 mole% uncomplexed pyridine in dimethylsulphoxide) 











I II Difference 

Compound cis form trans form (II—I) 
Pt py2(NHs)a]Cle —14.1 —24.6 —10.5 
Pt py2Cle} —3.4 —6.5 —3.1 
Pt py2Bre] —5.9 —3.6 +2.3 
Pt py2( NO2)s] —8.0 —16.0 —8.0 
Pd py2Bre] -—5.8 
Pd pyele] —4.8 








plexes relative to uncomplexed pyridine is a measure of the net inductive effect to which 
the ligand is subject.* If, on the other hand, the greater stability of the platinum com- 
pound is due at least in part to stronger double bonding, the z-electron drift would 
tend to compensate for the change in o-bond polarity. The result is thus suggestive 
of -bonding. 

The examination of N.M.R. spectra of dipyridine — platinum complexes in cis and 
trans configurations revealed direct evidence that ligands which possess vacant d-type 
orbitals do indeed draw electrons away from the central atom as well as form a o-bond 
with it. This supports the theory of Chatt, Duncanson, and Venanzi (1) that a large 
trans effect is due to z-bonding of the ligand responsible, with a consequent diminution 
of the d-orbital electron density on the opposite side of the molecule. 

Figure 2 illustrates the conceived nature of the electron drift. Solid lines to the ligands 
represent o-bonds and dotted lines represent r-bonds. It will be noted that if the acido 
group, X, forms 7-bonds, the d-electrons of the platinum atom are subjected to a ‘‘pull’”’ 
from all four directions. This condition would lead to bonding of various strengths and 
bond orders. This is indicated qualitatively in the figure by the relative densities of the 
dots. The distinction between cis and trans configurations can be rationalized following 
Chatt, Duncanson, and Venanzi. Two ligands trans to each other along the x-axis must 
both draw their d-electrons from the d,, and d,, orbitals. If a group be in the cis position, 
it draws its electrons from the d,, and the d,, orbitals. Because there is a competition 
for the d-electrons, a strongly bonding ligand in the x-direction will weaken the z-bond 
to a ligand in trans position more than that to one in the cis position. The groups X, 

*The B-proton is the best choice for comparison because its chemical shift should be relatively independent 
of changes in the resonance of the ring due to complexing and it should be less subject to field effects than the 


a-shift. The spectra revealed very little or no changes in resonance in all the complexes studied in any case. A 
comparison of typical spectra is shown in Fig. 1. 
























































326 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 








ax vB 
4% 
PYRIDINE | | H,0 
SOLUTION | | 
SLA LN 
eB | | | 
- 300 CYCLES/SECOND 0 
| | ] | 
cis-[rr Py2(N 02)4| ' H,0 


| 
/ 


Fic. 1. Comparison of the spectra of free and complexed pyridine in dimethylsulphoxide solution. 
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Fic. 2. Relative strengths of the x-bonds in cis- and trans-[Pt py2Xo]. 


in Fig. 2, are considered more strongly z-bonding than pyridine. Thus we have shown 
the z-bonds to pyridine as being weaker in I than in II. It must be remembered that 
the o-bonds will likewise differ somewhat in strength in the two configurations respec- 
tively. Therefore, in interpreting the nuclear magnetic resonance spectra of these com- 
plexes, account must be taken of inductive effects due to both d-acceptor character and 
electronegativity differences. 

The chemical shift of the 8-protons in a series of corresponding cis and trans isomers 
relative to that in uncomplexed pyridine and the differences between these values are 
given in Table I. The compounds are listed downwards in order of increasing trans- 
directing power of the “‘X”’ ligands (1). The difference column shows a gradual increase 
from a negative value at [Pt pye2(NH:;)2]Cl, to the most positive value at [Pt py2I.] but 
there is a reversal in trend at [Pt py2(NOz)2]. These results cannot be explained on the 
basis of the electron-donating power of the ligands alone. In what follows, the correctness 
of the x-bonding theory will be assumed and the chemical shifts rationalized accordingly. 

Consider the compound [Pt py2(NH3)2]Cl. in which there is little or no z-bonding to 
the NH; groups. The relatively large electron-donor character of ammonia will give rise 
to a smaller shift to lower magnetic field strength when ammonia is trans to pyridine, 
i.e. in the cis isomer, than would be the case when the other pyridine is in the trans 




















WESTLAND AND WESTLAND: r-BONDING IN INORGANIC COMPOUNDS. II 327 


position assuming that operation of inductive effects through a straight angle is more 
pronounced than that through a right angle. Moreover, the diamagnetic effect of ‘‘ring 
current”’ in rotating pyridine rings would also have the effect of shifting the resonance 
in the cis compound to higher field relative to the trans compound. The negative entry 
in the difference column of the table is therefore plausible. The difference value for 
[Pt py2Cl,] is still negative even though in this case the chlorine atom has a stronger 
trans influence than pyridine. The inductive effect through the o-bonds therefore still 
predominates over any electron drift in the opposite direction due to r-bonding. 

As the trans influence of the various halogens increases with atomic number, the 
effect of w-bonding appears in the chemical shifts of the cis isomers becoming greater 
than those of the trans forms. If it were not for the decreasing electronegativity of the 
halogen atoms, as is evidenced by the decreasing shifts down the series of trans isomers, 
we might have obtained an even more pronounced trend among the difference values. 
Thus the near constancy of the chemical shifts in the cis halo compounds indicates an 
approximate compensation of the increasing double-bond character and decreasing 
electronegativity in this configuration. 

The nitro group has a large trans-directing power but in the isomers of [Pt py2(NOz)»] 
it provides chemical shifts giving a large negative difference value, viz. —8.0. This is 
not really anomalous when one reasons as follows. The nitro group is negative and the 
nitrogen atom is almost as strongly electronegative as chlorine. Neglecting d-electron 
drift for the moment, we should expect the chemical shift of trans-[Pt py2(NOz)2] to be 
slightly more positive than —6.5, the value for trans-[Pt py2Cl.]. The value is actually 
— 16.0, however, which is plausible if one considers the influence of x-bonding and 
mesomerism of the nitro group. The nitrogen atom is much smaller than chlorine so 
that it would be expected to exert a greater inductive effect through the o-bonds, in 
fact about as much as in [Pt pye(NH3)e]Cl, which provides a difference value of ca. 
— 10.5. The difference value for the nitro compound is less than this which is qualitatively 
what is expected from the influence of 2-bonding. 

Because the differences in chemical shift are very small it might be argued that they 
are caused by field or solvent influences. Thus the trend in the different values among 
the various halogen complexes, which is due principally to the trend among the trans- 
isomers, might be ascribed to an increasing field effect with increase in atomic number 
of the halogen atoms. However, the chemical shift along the analogous series of trans- 
complexes of palladium exhibits only a slight trend to higher field strength. Since the 
palladium analogues have nearly the same molecular dimensions as the platinum com- 
pounds, the difference in behavior must be due to a difference in the character of the 
metal atoms. 

The same experiment shows that the trend in chemical shift of the platinum com- 
pounds is not due simply to a direct solvent interaction with the ring protons. Neverthe- 
less, because of the highly polar nature of the solvents which it was found necessary to 
use, the question of solvent influence is nevertheless a serious one.* In order to investigate 
the influence of the solvent, the following control experiment was carried out. 

Trans-pyridinetri-n-propylphosphinedihaloplatinum compounds were found to be 
soluble in solvents of low polarity as well as in dimethylsulphoxide and they should be 
closely analogous to trans-dipyridine complexes. Chemical shifts relative to that of the 
chloro compound in carbon tetrachloride are given in Table II for three compounds in 


*The authors are indebted to the referee for emphasizing this point. 
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TABLE II 


Influence of solvent on the chemical shift 
(Values are expressed in cycles per second with respect to [Pt py(PPrs)Cl»] in CCl.) 














Solvent 
Compound CCl, Difference (CH;3)2SO Difference (CH3;)2CO Difference 
[Pt py(PPrs3)Cl.] 0.0 +13.2 +53.6 
2.3 1.9 
[Pt py(PPrs3)Brs] +2.3 +15.1 +56.0 
0.0 0.4 0 
{Pt py(PPrs)I3] +2.3 +15.5 +56.0 





each of three solvents. Although there is a large solvent effect, the difference columns 
show that it is essentially the same for all three compounds. We assume that the dipyridine 
compounds are not more affected by field and solvent influences. 


EXPERIMENTAL 

The nuclear magnetic resonance spectra were obtained with a Varian Associates 60 
megacycle spectrometer, Model V 4302, adjusted for high resolution. Spectra were 
calibrated with respect to an external water standard (1% protons in D,O) by means 
of a Hewlett — Packard side-band oscillator, which, in turn, was calibrated with a 
Hewlett — Packard electronic counter. The temperature of the resonant system was 
constant to +0.5° C. Each of the values of chemical shift reported is the mean of 8 to 
14 determinations on a single sample and was calculated simply on the basis of the 
positions of the sharpest peaks in the 8-proton resonance. This procedure appeared to 
be justified for there were no apparent differences in coupling among the several spectra 
obtained. The chemical shifts of the dipyridine complexes are expressed relative to 
0.6 mole% pyridine in dimethylsulphoxide. Bulk diamagnetic susceptibility corrections 
were carried out following the method of Pople, Schneider, and Bernstein (8). 

Because of the low solubilities of the dipyridine salts, 0.3 mole% solutions were used 
for N.M.R. examinations. The chloride salts were dissolved in D.O and the remaining 
compounds in dimethylsulphoxide. Ten per cent (w/v) solutions of the tri--propyl- 
phosphine complexes in dimethylsulphoxide, acetone, and carbon tetrachloride were 
employed for the investigation of solvent effect. The chemical shifts were corrected for 
bulk diamagnetic susceptibility of the media. 

Debye — Scherrer diffraction patterns showed that all of the compounds could be 
recrystallized unchanged from their respective solvents. 


Preparations 

Trans-dipyridinedihalopalladium, cis- and trans-dipyridinedichloroplatinum, cis- and 
trans-dipyridinediammineplatinum monohydrate, and cis- and trans-dipyridinedinitro- 
platinum were prepared by existing procedures (9, 10, 11, 12). Carbon, hydrogen, plati- 
num, and palladium analyses agreed well with the calculated compositions. 


Cis-dipyridinedibromo platinum 

Finely powdered cis-dipyridinedichloroplatinum (200 mg) was suspended in a 
gently boiling solution containing 10 ml water, 15 ml acetone, and 2g KBr. After 60 
minutes the solid was separated by filtration and washed successively with hot water 
and methanol. The yellow color of the product was slightly more intense than that of 
the chloro analogue. The X-ray diffraction pattern revealed a homogeneous product 
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having a crystal lattice isomorphous with, but slightly larger than, that of the chloro 
compound. Anal. Calc. for [Pt py2Br2]: C, 23.6; H, 1.96; Pt, 38.1. Found: C, 23.7; H, 
1.96; Pt, 38.6. 


Trans-dipyridinedtbromo platinum 

The preparation was similar to that described for the cis compound starting, however, 
with trans-dipyridinedichloroplatinum. The color of the product was slightly deeper 
than that of the cis analogue. The X-ray diffraction pattern showed the product to be 
homogeneous and isomorphous with, but distinct from the starting material. Anal. Calc.: 
vide supra. Found: C, 23.9; H, 2.11; Pt, 38.6. 


Cis-dipyridinedtiodoplatinum 

This was prepared in a manner similar to that of the bromo compound except that 
the product was easily soluble in the reaction mixture and had to be isolated by evapora- 
tion. The product consisted of well-formed orange crystallites which were more readily 
dissolved by organic solvents than the other halogen analogues. Anal. Calc. for [Pt pyeI.]: 
C, 19.9; H, 1.66; Pt, 32.2. Found: C. 20.3; H, 1.70; Pt, 32.3. 


Trans-dipyridinediiodoplatinum 

Starting from trans-dipyridinedichloroplatinum, the same procedure was used as 
in the case of the cis compound except that 100 ml instead of 15 ml of acetone were 
used in preparing the reaction solvent. The product was again orange in color and well 
crystallized. Anal. Calc.: vide supra. Found: C, 19.7; H, 1.73; Pt, 31.4. 


Trans-pyridinetri-n-propyl phos phinedichloroplatinum 

This was prepared by a procedure analogous to that used by Chatt (13) to prepare 
trans-p-toluidine-tri-n-propylphosphinedichloroplatinum except that pyridine was used 
in place of p-toluidine. The product recrystallized from ethanol was bright yellow. Anal. 
Cale. for [Pt (C3H7)3P py Cl.]: C, 33.3; H, 5.18; Pt, 38.6. Found: C, 33.7; H, 5.28; 
Pt, 38.9. 


Trans-pyridinetri-n-propyl phos phinedibromo platinum 

The method of preparation was the same as that used for the chloro analogue except 
that dibromobis-(tri-v-propylphosphine)-y,u’-dibromodiplatinum was used. This latter 
compound was prepared as described by Chatt (14). The product was golden yellow 
in color. Anal. Calc. for [Pt(C3H7)3P py Br.]: C, 28.3; H, 4.41; Pt, 32.8. Found: C, 
28.0; H, 4.34; Pt, 29.6. 


Trans-pyridinetri-n-propyl phos phinedtiodo platinum 

This also was prepared in a similar manner using diiodobis-(tri-y-propylphosphine)- 
u,u’-diiododiplatinum (14). The product was yellow-orange. Anal. Calc. for [Pt(C3H7);- 
Ppy I.]: C, 24.4; H, 3.81; Pt, 28.3. Found: C, 24.5; H, 3.78; Pt, 28.8. 
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SOME PROPERTIES OF PURE POLYOXYETHYLENEGLYCOL ETHERS 
IN SOLUTION! 


A. F. StRIANNI AND B. A. GINGRAS 


ABSTRACT 


Solution properties of a series of hexaoxyethyleneglycol ethers having 8 to 16 carbon atoms 
in a paraffin chain along with a number of diethers were assessed in ethanol at 48 and 60° C 
The molecular weights at infinite dilution indicated that the compounds are unassociated. 
Solvation effects were observed for the monoethers having 14 or more carbon atoms in the 
hydrophobic portion of the molecule, but were absent for those molecules containing 12 
carbon atoms or less. The apparent micellar weights suggested that association did not 
proceed beyond a dimer for most of the hexaoxyethyleneglycol compounds. The diethers 
obeyed Raoult’s law up to the critical micelle concentration while different apparent associa- 
tion patterns were observed beyond this concentration. 


INTRODUCTION 


The molecular weight, critical micelle concentration (cmc) and apparent association 
patterns of surface-active materials in solution have been determined by means of vapor 
pressure depression using various means for its measurement. Data have been obtained 
in this way by McBain et al. (1) using thermistors and aqueous solutions of alkyl — aryl 
sulphonates, by Kitahara (2) on dodecyl-ammonium-benzoate, -caprylate, and -butyrate 
in cyclohexane and by Debye (3) with a series of a-glycerides in a variety of nonaqueous 
solvents. 

Additional information concerning the micellar weight and critical micelle concen- 
tration of nonionic detergents, based on ethylene oxide, has been obtained from light 
scattering measurements in aqueous (4) and in benzene solutions (5). Recently, ultra- 
centrifugal measurements on aqueous systems have been employed (6). Large differences 
between weight-average (Mw) and number-average (Mn) molecular weight exist. Debye 
(7) pointed out that small amounts of impurities enhance light scattering leading to 
anomalous micellar sizes. Low molecular weight impurities decrease the number-average 
molecular weight, thus widening the gap between these two methods of measurement. 
Becher et al. (8) presented some evidence that nonequilibrium solutions containing an 
appreciable concentration of micelles may be present below the critical micelle concen- 
tration. 

The present investigation was undertaken in an effort to assess the colligative properties 
of some pure nonionic detergents by vapor pressure depression measurements, utilizing 
the difference in vapor pressure between pure solvent and solutions for a series of chemi- 
cally well-defined polyoxyethyleneglycol ethers. Their physical properties and method of 
preparations were given by Gingras and Bayley (9, 10). The compounds examined were 
mono- and di-ethers of hexaoxyethyleneglycol, covering a molecular weight range from 
390 to 730. Some other pure compounds of different ethylene oxide content were also 
studied. A list of the various compounds is given below: 

I. Monoethers containing six ethylene oxide units: 
R—O—(CH:CH:20).H; R = n-CsHiz, m-CisHos, m-CysHo9, n-CieHas. 

II. Monoether containing seven ethylene oxide units: 
p-iso-CsHi7-—CsH,—O(CH,CH;0);H. 

1 Manuscript received October 4, 1960. 
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III. Diethers containing six ethylene oxide units: 
R—O(CH,CH;0).R R = n-Cy2Hes and m-Cy6Hs3. 
IV. Diether containing two ethylene oxide units: 
n-C,sH370(CH2CH:0)2CisH37. 
V. Diether derivative of m-butane: 
p-iso-CsHir—CsH ~—O(CH2)(O—CsH .—CsHiz-p-iso. 


The preparation and physical properties of the latter two substances, which have not 
been reported before, are described in the experimental part. 

The diethers are not soluble in water. Monoethers become less hydrophilic with increase 
in the number of carbon atoms in the paraffin chain, with decreasing ethylene oxide 
content and with increased temperature. In order to compare the behavior of the mono- 
with the di-ethers it was found desirable to carry out the measurements in an hydroxylated 
dissociating solvent of reasonably high dielectric constant. Ethanol was used for this 
purpose. It has been reported that in the case of some ionic detergents, micelles form in 
alcohol with the same value of the cmc as in water (11). This is not the case with the 
nonionic detergents since they lack the electrical forces necessary to impede aggregation 
(12) and the cmc is expected to be solvent dependent. 

While most of the vapor pressure measurements were made on alcohol solutions at 
48° C a few determinations have been made at 60°C and some measurements were 
conducted in water and in benzene at other temperatures in order to extend the data 
and compare them with other published results. 


EXPERIMENTAL 

The experimental technique and the apparatus used to carry out the differential 
vapor pressure measurements have been described in detail elsewhere (13). About 0.3 
to 6 mg of material is weighed from the bulk sample into 4-mm i.d. pyrex tube pre- 
viously fire-polished and steamed to remove any possible extraneous soluble impurities. 
The sample is washed to the bottom of the cell with about 0.4 to 0.6 ml of a solution of 
distilled alcohol and benzene. After evaporation of the solvents, the glass tube is sealed 
on the apparatus and evacuated to a pressure of about 10-> mm Hg. Care is taken, 
however, to maintain the viscous liquids at 0° C with an ice-water bath to prevent loss 
of solute by evaporation during the evacuation process. Solutions of different concen- 
trations are made by adding various amounts of alcohol, usually between the limits of 
20 to 90 mg. With several weighed portions of solute it is possible to cover a reasonably 
wide range of concentrations. The system is arranged in such a manner that the solvent 
can be recycled after each determination. Solutions reach equilibrium within several 
hours after each filling. Readings of the vapor pressure depressions are taken at intervals 
of 1 to 2 hours. The null point of the apparatus is measured at the end of each deter- 
mination. 


Preparation of 1,4-Bis(p-isooctylphenoxy) Butane (V) 

p-Isooctylphenol (1,1,3,3-tetramethylbutyl phenol) (41.2 g, 0.2 mole) was added to a 
solution of sodium (2.3 g, 0.1 g-atom) in MeOH (150 ml). When the solution was com- 
pleted, 1,4-dibromobutane (21.6 g, 0.1 mole) was added and the resulting mixture was 
refluxed for 3 hours, after which it was neutral to litmus paper. The solid that crystallized 
on cooling was collected by filtration and was recrystallized from a mixture of MeQH-n- 
hexane, 1:1. The product obtained had m.p. 100°C, yield 30g, 74%. Calculated for 
Cx2Hs002, M.W. 466: C, 82.4; H, 10.7%. Found: C, 82.29; H, 10.62%. 








we 











SIRIANNI AND GINGRAS: ETHERS IN SOLUTION 333 


Preparation of Di-(n-octadecyl) Ethyleneglycol Ether . 

Potassium (7.8 g, 0.2 g-atom) was added to diethyleneglycol (10.6 g, 0.1 mole) at 60° C, 
in an atmosphere of nitrogen. m-Hexane (ca. 50-ml) was added to keep the mixture in 
suspension for better stirring. After 0.5 hour, all the potassium had reacted and octadecyl 
chloride (57.8 g, 0.2 mole) was added slowly. The temperature was kept at 60° C and the 
slurry was stirred for 2 days. Then the mixture was heated to 180°C for 1 hour while a 
heavy precipitate was formed. After cooling, acetone (200 ml) was added and the pre- 
cipitate, collected by filtration, was washed with water to remove the potassium chloride, 
and dried. The product was crystallized from benzene and recrystallized from ethanol; 
m.p. 90° C, 24g, 40%. Calculated for CyoHg203, M.W. 610: C, 78.6; H, 13.45%. Found: 
C, 78.88; H, 13.51%. 


RESULTS AND DISCUSSION 
The variation of the apparent molecular weight with solute concentration for a 
number of hexaoxyethyleneglycols having a terminal hydroxyl group etherified with a 
hydrocarbon chain of 8 to 16 carbon atoms, is shown in Fig. 1. The molecular weights 
at finite concentrations were calculated by means of Raoult’s law. Curves 1, 2, 3, and 4 
represent the data obtained for the monoethers (I). Curve 5 was obtained with hepta- 
oxyethyleneglycol mono-p-isooctylpheny! ether (II). 
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Fic. 1. Apparent molecular weight versus solute concentration for a series of hexaoxyethyleneglycol 
monoethers in alcohol at 48° C. 


Curve 1, type I CsHi7(E.O)sH; heavy line drawn independent of concentration 
denotes the theoretical molecular weight of the compound. 

Curve 2, type I Ci2H2;0(E.O).6H. 

Curve 3, type I Ci4H2O(E.O)sH. The broken line corresponds to the theoretical 
molecular weight of the compounds. 

Curve 4, type I CysH3;0(E.O) 6H. 

Curve 5, type II p-iso-CsH:17CsH,O(E.O);H. 


The apparent molecular weight of the monoether (I, R = CigH33, curve 4) decreases with 
increasing concentration up to about 0.1 molal followed by a rapid increase at higher 
concentrations. The monoether (I, R = Ci4He9, curve 3) behaves in a similar way over 
the concentration range studied. The solutions of ether (I, R = Cj2He5, curve 2) behaves 
in an ideal fashion up to the cmc with evidence of solute association beyond 0.1 molal. 
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The observed molecular weights for the ether (I, R = CsHi, curve 1) are about 3-5% 
higher than the theoretical value, below 0.1 molal which should be well below the cmc. 
The concentration at which the solute associates is similar for all of the compounds of 
the type I. Compound II (curve 5) behaves similarly to compound (I) having the same 
number of carbon atoms in the hydrocarbon chain. The cmc is somewhat lower however, 
and the apparent molecular weight rises more steeply with increased concentration. 

While the reason for the unusual change in solution properties in going from Cj: to 
Cy, and Cig compounds of type I, is not too clear, it may be related to the influence of 
the free primary hydroxyl groups and the length of the hydrocarbon adduct. 

The behavior is similar to that of a typical polymeric system when a ‘“‘good’”’ solvent 
is employed. The monoether II, which possesses a short hydrocarbon chain, is probably 
reasonably well balanced in its solvophilic — solvophobic properties, and a smaller amount 
of solute —- solvent interaction occurs. No interaction was observed with a hydrocarbon 
chain of 12 carbon atoms or less. Solvation of the lyophilic portion of the molecule 
could cause the observed effect provided the degree of solvation increased with effective 
increase in the concentration of the lyophobic part of the solute molecule. The slopes of 
the curves for the monoethers containing 14 and 16 carbon atoms in the chain may not 
be drawn sufficiently steeply. Owing to the difficulty of obtaining reliable data at the 
very low concentrations these have been extrapolated to the theoretical value at zero 
concentration. Actually in this regard the solution may be ideal and a point of inflection 
reached when the concentration of hydrocarbon is sufficient to increase the solvation of 
the nonhydrocarbon portion of the solute molecule. 

The apparent molecular weight appears to decrease in a rather orderly fashion with 
solute concentration. The effect was sufficiently pronounced that curve 2 actually crossed 
curve 3 at a concentration of about 0.75 molal. An error of the order of 8% at 0.1 molal 
would be required to account for this effect and this is 4 times the error of reproducibility 
of individual determinations. 

It is interesting to note that anomalies have also been observed with surface tension 
measurements of aqueous solutions of similar homologous series of polyoxyethyleneglycol 
ethers (14). Lange (14) observed that surface tension lowering increases regularly for a 
Ci. monoether, but the sharp bend at the cmc disappeared for the Cy, surfactant. The 
curves relating surface tension with solute concentration for the two compounds crossed. 

The anomalous behavior of the monoethers was not found with diethers having hydro- 
carbon chains of similar lengths. Raoult’s law was closely followed up to cmc, association 
of solute then occurred, particularly for the systems of low oxygen content. These results 
are recorded graphically by Fig. 2. The solid lines represent the theoretical molecular 
weight of the compounds below the cmc. Curves 1 and 2 represent the behavior of the 
diether (V) at 48 and 60° C respectively. In this case the hydrophilic oxygens are spaced 
4 carbon atoms apart and an enormous change in cmc occurred with increased tempera- 
ture. After the early stages of association, the apparent molecular weight increases vir- 
tually linearly with concentration. Although not shown in the graph, this system was 
followed up to about 0.5 molal. Owing to the increasing magnitude of the association 
factors with concentration, it is suggested that micelles of higher order than dimers are 
being formed. As the temperature was raised to 60° C the cmc appeared to be appreciably 
higher. Higher concentrations gave vapor pressure depressions beyond the calibrated 
range of the instrument. 

Curve 3 was obtained with a sample of pure di-(m-octadecyl) ethyleneglycol ether 








—_ se 


a Drm WM 











SIRIANNI AND GINGRAS: ETHERS IN SOLUTION 
1200 





1100 


T 


1000-— 


800;- 


M APPARENT 





700;—- 





600 

















450 
fe) 02 04 06 08 10 2 


CONC.(MOLES / 1000g SOLVENT) 


_ Fic. 2. Apparent molecular weight versus solute concentration for a series of diethers at 48° C. The heavy 
lines drawn independent of concentration correspond to the theoretical molecular weight of the com- 


pounds. 
Curve 1, type V p- ne LENO Me .CsH17-p-iso. 
Curve 2, same compound at 
Curve 3, type IV COOH ACH;O) «CsaHer. Filled triangles at 60° C. 
Curve 4. type III Cj2H2s0(CH2CH 20) ¢Ci2Haos. 
Curve 5, type III CisH3s0(CH2CH 20) 6CigHsgs. 


(IV). Measurements were carried out at 48° C (filled circles) and a few more at 60° C 
(triangles). The cmc is low and little affected by temperature. The apparent molecular 
weight rises almost linearly with concentration. 

Curves 4 and 5 illustrate the behavior of the diethers (III, R = n-Cy2Hes and n-CigH3;). 
In sharp contrast to the behavior of the corresponding monoethers, these compounds 
obeyed Raoult’s law up to the cmc. In both cases, the apparent molecular weight reaches 
an almost constant value after the initial stages of association suggesting that aggregation 
does not proceed beyond an equilibrium mixture of monomers and dimers. A similar 
phenomenon has been observed for trichloroacetanilide in benzene by Davis and Thomas 
(15). A particular association pattern was not ascribed for their system beyond the 
dimerization stage. 

The apparent association factors, f, described as the ratio of observed, M,, to theoretical 
molecular weight, Mo, are obviously of the same order of magnitude for both diethers 
at 0.115 molal. The percentage association is higher with the Cig compound by approxi- 
mately a factor of 4, however. 

Table I contains a summary of the results illustrated by Figs. 1 and 2 
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TABLE I 


Summary of results indicated from vapor pressure measurements on solutions of pure nonionic substances 
in alcohol 








cmc 





M, vs. N N, vs. N 





Compound Mo plot plot Type of association 
Type | 
-CsH,;0(E.0O).H 394 0.09 0.12 _ _ 
n-Ci2H2,0(E.O).H 450 0.10 _ Limited, monomers and dimers 
indicated 
n-Cy4H290( E.O)sH 478 — — Solvation effects 
n-CigH330(E.0O).H 506 =0.10 —_ Solvation effects and probable 
association 
Type II 
p-iso-CsHi;CsH,O(E.O);H 514. 0.09 0.088 Limited, monomers and dimers 
Type III 
n-C 12H 230( E.O) ¢Ci2Hos 618 0.07 0.071 Limited, monomers and dimers 
n-Cy6H330( E.O)6CisH3 730 0.059 0.054 Limited, monomers and dimers 


Type 1V 
n-C1sH3;0(CH2CH20)2CisH 57 610 0.008 at 48°C 0.01 Continuous above cmc, monomers, 
dimers, and probably polymers of 
higher order 
Type V 
p-iso-CsH17Cs6H,O( CH:2),0- 466 0.034 at 48°C —0.033 Continuous above cmc, monomers, 
CeH,.CsHi7-p-iso 0.062 at 60° C — dimers, and polymers of higher 
order 





Since a large number of experimental points would be necessary to trace accurately 
the position of the cmc from the ./, vs. N graphs at the incipient state of micellization, 
a closer approximation may be made by the following relation due to Kitahara (2): 


N, = M(f-1)/fl, 
N, = associated solute molality, 
N = total solute molality, 

f = association factor = M,/Mo. 


Values for N, are calculated at finite concentration and plotted as a function of N. A 
straight line joining these points when extrapolated to V, = 0, gives an average value for 
the cmc in molality units. These values and those obtained from the MV, vs. N plots are 
summarized in Table I. 

The fraction of the monomer associated is calculated according to the following 
relation, without making any assumption as to the degree of aggregation. 


X = (M,—M_)/M, (cf. Davy and Sidgwick (16)). 
The total mean molal concentration of all species 
= N = N(M)/M,) (cf. Davies and Thomas (15)). 


The weight of the micelle /m is obtained from the following relation, which assumes 
that a certain number of molecules remain in solution as monomers and the remainder 
associate to form larger aggregates: 





— (Sn-(2=*) ~ a 
& xs 
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Our experimental results, which were obtained with rigorously dry pure solvent 
necessary to establish vapor pressure equilibrium quickly, indicate that aggregation 
occurs in alcohol. The behavior of systems containing six ethylene oxide units suggests 
that the micellar solution is composed of an equilibrium mixture of monomer and dimer 
at 48°C and that, in fact, the micelles present have an aggregation number of two. 
Continuous association occurs for diethyleneglycol octadecyl diether (IV) after the cmc 
is reached. The cmc, however, increases very little with rising temperature. In com- 
parison, the aromatic diether (V) is quite temperature sensitive, since an appreciable 
rise in cme occurred on increasing the temperature from 48° to 60° C. 

The general behavior of the hexaoxyethyleneglycol ethers indicates that alcohol is a 
good solvent for these systems. The solvophilic — solvophobic balance of these compounds 
appears to inhibit the formation of large clusters of monomers. The results reported 
by Becher (5) from light-scattering measurements of benzene solutions of pure 
Cy2H2s0(CH2CH20).H and Ci3H27O(CH2CH20).H indicated that benzene is a better 
solvent for the 2-ethylene oxide compound than for the 6-ethylene oxide monoether since 
a smaller micellar weight was obtained. Alcohol works in the reverse fashion, probably 
due to the inversion of the portion of the molecule responsible for the screening effect 
in going from an hydroxylated to a hydrocarbon solvent. 

A few determinations in benzene at 30°C with the monoethers (I, R = n-Cj:Ho,, 
and #-C,4He9) indicated that the apparent molecular weights were virtually independent 
of concentration from about 0.013 to 0.07 molal within +2% in all cases. The association 
factors of the order 1.22 for I(Cy2) and 1.14 for I(Ci4) suggests that the systems con- 
sisted of monomers and dimers only. The cmc, which occurred at 0.0045 and 0.005 
moles/1000 grams of solvent for I(Cy2) and I(Ci4) respectively, is in reasonably good 
agreement with other published results (5). The micellar weights obtained from light 
scattering at 25° C by Becher (5) with hexaoxyethylene -tridecanol are about a factor 
of 50 higher than those found here from vapor pressure lowering measurements at 30° C. 
This ratio is unexpectedly high for these compounds, which differ only by plus or minus 
one carbon atom in the hydrophobic portion of the molecule, and the C;; compound 
used by Becher. However, large differences in micellar weights obtained by light-scattering 
and vapor pressure measurements have been noted with a-glycerides by Debye (3). Such 
differences may be due to heterogeneity of sizes or more likely to the kinetic mobility 
of a portion of the molecules forming the clusters, which may be sufficient to allow them 
to act as independent units in the vapor pressure lowering without affecting the amounts 
of scattered light. | 

A sample of pure n-decyl hexaoxyethyleneglycol monoether was examined in water 
in the vicinity of the cloud point (9). The solutions were made up at concentrations 
above the expected cmc. Ultracentrifugal measurements on a variety of commercial 
nonionic detergents showed that micellar weights should not vary with concentration 
(6). The results given in Table II suggest, however, that the micellar weight does increase 


TABLE II 
Behavior of CigH210(CH:CH:0).H in water 








Micellar Aggregate 





Temp. Molal conc. mol. wt. number 
C45 (N) App. M, (Mm) (n) 
50 0.0399 4615 5,000 12 
56 0.0399 5270 5,650 13.4 


63 0.0493 9600 10,000 24 
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with rising temperature in aqueous solutions, and this is in qualitative agreement with 
previous work (17). 

The behavior of these compounds and a number of commercial nonionic detergents 
is now being examined in other solvents. 
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ORGANOGERMANIUM COMPOUNDS 


PART I. THE INTERACTION OF HEXAMETHYLDIGERMOXANE AND 
TRIMETHYLMETHOXYGERMANE WITH BORON TRIFLUORIDE! 


J. E. GrirFitas? AND M. OnyszcHUK 


ABSTRACT 


Boron trifluoride does not form a stable adduct with hexamethyldigermoxane. Instead, 
cleavage of the Ge—O—Ge linkage occurs with quantitative formation of trimethylfluoro- 
germane and boron trioxide. Trimethylmethoxygermane and boron trifluoride form a 1:1 
addition compound which sublimes without decomposition. Dative d,—p, bonding, if present 
in the Ge—O linkage of trimethylmethoxygermane, does not appear to affect appreciably the 
electron-donor activity of the oxygen atom toward boron trifluoride. The preparation and 
some properties of CH;GeH2Br, CH;GeHCls, (CHs)3;GeCl, (CH;);GeF, [(CH3)3Ge]20, and 
(CH;);GeOCH; are described. 


Boron trifluoride and organic ethers form 1:1 adducts of the type, R2O,BF3, which 
are so stable that they can be distilled without decomposition (1). Methyldisiloxanes, on 
the other hand, do not give stable addition compounds with boron trifluoride (2). Instead, 
cleavage of the Si~O—-Si linkage occurs at —78° in two stages: 


(CH;SiH2),0 + BF; = CH;SiH,OBF, + CH;SiH.2F, 
3CH;SiH,OBF: = 3CH;SiH.F + BF; + B2Os;, 


and the methylsiloxyboron difluoride formed in the first step is too unstable to be iso- 
lated. The experiments described in this paper were made to examine the interaction 
of boron trifluoride with the Ge—O—Ge and Ge—O—C linkages in hexamethyldiger- 
moxane and trimethylmethoxygermane respectively. 


Preparation of Germyl Ethers 
Hexamethyldigermoxane, a new compound, was prepared in 61% yield by the inter- 
action of gaseous trimethylchlorogermane with dry silver carbonate: 


2(CH3)sGeCl + AgeCO; — [(CH3)sGe]x0 + CO2 + 2AgCl. 


The same compound was probably obtained in the hydrolysis of trimethylbromogermane 
(3) and trimethylchlorogermane (4), but it was not identified in these reactions. Hexa- 
ethyldigermoxane, the only simple digermoxane reported previously, has been prepared 
in 97% yield by hydrolysis of triethylbromogermane with aqueous potassium hydroxide 
(5). 

By reaction with anhydrous sodium methoxide, trimethylbromogermane was con- 
verted into trimethylmethoxygermane in 98% yield, according to the reaction: 


(CH;);GeBr + NaOCH; —— (CH;)3;GeOCH; + NaBr. 


Trimethylmethoxygermane had been obtained previously in 56% yield by the reaction 
of impure trimethyliodogermane with sodium methoxide in methanol (6). 

We tried to prepare a partially methylated digermoxane, such as 1,1’-dimethyldi- 
germoxane, (CH;GeH,).O, by the interaction of a methylhalogenogermane with silver 
carbonate. While preparing methylchlorogermane, CH;GeH;,Cl, by the interaction of 

1Manuscript received October 13, 1960. 

Contribution from the Inorganic Chemistry Laboratory, McGill University, Montreal 2, Quebec, with financial 
assistance from the National Research Council of Canada. Presented at the 42nd Annual Conference of the 
Chemical Institute of Canada, Halifax, N.S., May 25-27, 1959. 


*Holder of N.R.C. Studentships, 1956-58. Present address: Bell Telephone Laboratories, Inc., Murray Hill, 
New Jersey. 
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methylgermane with hydrogen chloride in the presence of aluminum trichloride, we 
found that methyldichlorogermane, CH;GeHCl:, was formed instead. Using hydrogen 
bromide and aluminum tribromide, however, methylgermane was converted in 53% 
yield into methylbromogermane, CH;GeH,Br. This new compound did not react with 
dry silver carbonate to give the expected 1,1’-dimethyldigermoxane; carbon dioxide, and 
an unidentified, non-volatile, transparent, viscous liquid were obtained instead. Evidently 
an initial reaction producing the digermoxane was followed by a rapid change of the 
digermoxane into complex methylgermoxane polymers. 

An attempt to prepare the mixed ether methylmethoxygermane, CH;GeH,OCH;, 
was equally unsuccessful. The reaction at —80° of methylbromogermane with sodium 
methylate produced a volatile substance which was mainly methylmethoxygermane, 
and which decomposed -slowly into methanol and an unidentified white, non-volatile 
solid. The latter was probably a polymer of the type (CH;GeH), formed by decom- 
position of methylmethoxygermane, as represented by: 


xCH;GeH:0CH; — xCH;OH + (CH;GeH):. 


The amount of methanol recovered was roughly in agreement with this reaction. 

The conclusion that germyl ethers with Ge—H bonds are unstable is also supported 
by the observation that digermoxane, (GeH;).0, cannot be obtained either by hydrolysis 
of chlorogermane (7) or by reaction of chlorogermane with silver carbonate (8). More- 
over, the anticipated 1,1’-di-n-butyldigermoxane was not formed by hydrolysis of 
n-butylchlorogermane (9). The apparent instability of such germyl ethers is in marked 
contrast with the stable silyl ethers containing Si—H bonds (10, 11). 


Reaction of Trimethylmethoxygermane with Boron Trifluoride 

Trimethylmethoxygermane and boron trifluoride formed a white solid 1:1 adduct 
which melted in the range 41 to 46°, and which sublimed at 25° without decomposition. 
It formed a transparent jelly when heated at 235° for 16 hours. 

The formation of this adduct shows that the electron-donor activity of the oxygen 
atom is not appreciably less in germyl ethers than it is in alkyl ethers. This result is 
surprising, since one might expect that the electron-donor power would be reduced by 
d,-p, dative bonding from oxygen to germanium, similar to that in the Si—O bond 
(10). This so-called back co-ordination of electrons from oxygen to silicon in disiloxane 
and the methyldisiloxanes accounts for the unexpectedly large Si—O—Si bond angle, 
and also for the apparent lack of donor activity in these compounds (10). Theoretical 
considerations indicate that the amount of d,—p, bonding should be approximately 
independent of the size of the atom having the d-orbitals (12). Since silicon and ger- 
manium have similar covalent radii, 1.17 and 1.22 A respectively (13), the extent of 
mx-bonding to germanium and silicon should be roughly the same. Some experimental 
data on the dissociation constants of para-substituted benzoic acids with general formula 
p-R3M -C.sHy-CO2H, where M = C, Si, Ge, and Sn, and R = CH; and C:Hs, provide 
strong evidence that dative z-bonding occurs between the benzene ring and Si, Ge, 
or Sn, approximately to the same degree in all three cases (14). Moreover, Hammett sigma 
values for the meta- and para-triphenylsilyl and -triphenylgermy] groups also show that 
the amount of partial double bonding between the benzene ring and silicon or germanium 
is almost identical (15). On the other hand, measurements of hydrogen bonding in 
triphenylhydroxyl compounds of the type (CsHs)s MOH, where M = C, Si, Ge, Sn, and 
Pb, indicate that z-bonding from oxygen to M atoms is strong in (CsH;)3SiOH, weaker 
in (CsHs)3;GeOH, and negligible in the other three compounds (16). Our results indicate 
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that dative d,—-p, bonding, if it occurs in the Ge—O bond of trimethylmethoxygermane, 
does not appreciably alter the electron-donor activity of the oxygen atom toward boron 
trifluoride, since trimethylmethoxygermane and boron trifluoride form a stable 1:1 
adduct. 


Reaction of Hexamethyldigermoxane with Boron Trifluoride 

Hexamethyldigermoxane and boron trifluoride did not yield a stable 1:1 adduct, but 
cleavage of Ge—O bonds occurred at 25° with quantitative formation of trimethyl- 
fluorogermane and boron trioxide, as given by the stoichiometric equation: 


3[(CH3):Ge]20 + 2BF; = 6(CH;);GeF +. B:O3. 


This reaction provides a new and more convenient method for the preparation of tri- 
methylfluorogermane, previously obtained in 71% yield from the reaction of tetra- 
methylgermane with liquid hydrogen fluoride in copper apparatus (17). 

While the 1:1 adduct could not be isolated and there was no dissociation into original 
reactants, the possibility of its formation at low temperatures could not be excluded, 
since its decomposition at —80° made it impossible to detect and identify the adduct. 
The mechanism of this decomposition, as outlined below, might involve four-center cyclic 
transition states of the type proposed for the analogous interaction of boron trichloride 
and tribromide with alkyl ethers (18) and disiloxanes (19) respectively. 


—— (CH;):sGeF + (CH;)sGeOBF,, 


F------BF, 

(CHs3)3Ge------O 
—— (CH;);GeF + BOF, 
F------BF 


3BOF > B.O; — BF3. 


Although trimethylgermoxyboron difluoride and boron oxyfluoride could not be isolated, 
they were identified with the white solid which decomposed slowly at 20° into boron 
trifluoride, boron trioxide, and additional trimethylfluorogermane. Boron oxyfluoride 
exists below — 140° as a cyclic trimer called trifluoroboroxine and decomposes rapidly at 
higher temperatures into boron trifluoride and boron trioxide (20). The yields of tri- 
methylfluorogermane and boron trioxide for the over-all decomposition were quanti- 
tatively in agreement with the stoichiometric equation. 

The failure of hexamethyldigermoxane to form a stable adduct with boron trifluoride 
does not necessarily imply a lack of electron-donor activity at the oxygen atom in the 
Ge—O—Ge linkage, since bond cleavage concealed possible adduct formation. This is 
in sharp contrast with the trimethylmethoxygermane — boron trifluoride system in which 
the absence of bond cleavage apparently allowed the isolation of the 1:1 adduct. Since 
bond polarities and inductive and steric effects determine the stabilities of co-ordination 
compounds of boron trifluoride (1), it is necessary to obtain information about their 
relative importance in germyl ether — boron trifluoride adducts. Experiments planned 
to give this information are now in progress and the results will be reported later. 


EXPERIMENTAL 
Apparatus 
A Pyrex glass high-vacuum apparatus of the conventional type was used to manipulate 
volatile substances. Ground-glass joints and stopcocks were lubricated with Apiezon N 
grease. Vapor pressures were measured with a null-point glass spoon gauge. Molecular 





342 CANADIAN JOURNAL OF CHEMISTRY. VOL. 39, 1961 


weights (M) were obtained by the direct weight method. The Stock magnetic plunger 
apparatus was used for the determination of melting points (21). Temperatures below 
—20° were measured with calibrated copper — constantan thermocouples in conjunction 
with a sensitive potentiometer. A column of the type described by Le Roy (22) was 
used for fractional distillations and condensations in the range —196 to —20°. 


Materials 

Methylgermane was obtained from reaction of methyl iodide with germylsodium as 
described by Teal and Kraus (23). Found: M, 90.5, v.p. 24.5mm at —99.7°, yield, 
51%. Calc. for CH;GeH;: M, 90.6. Although methylgermane had been characterized 
previously by its boiling point, melting point, and analysis (23), its vapor pressure — 
temperature relationship has not yet been reported. We found that vapor pressures, 
listed in Table I, of a tensiometrically pure sample are expressed in the range —114 to 
—43° by the equation logy p(mm) = 6.266—(850/T), which gives an extrapolated 
boiling point of —22.2+0.5° (lit. (23), —23.0°), a heat of vaporization of 3965 cal mole, 
and a Trouton constant of 15.9. The melting point was — 153.7+0.3° (lit. (23), —158.0°). 

Tetramethylgermane was prepared by reaction of dimethylzinc with germanium 
tetrachloride (24). Found: M, 132.4, v.p. 139.1 mm at 0°, yield, 67%. Calc. for Ge(CHs)4: 
M, 132.6, v.p. 139.3 mm at 0°. 

Trimethylbromogermane was obtained by reaction of bromine with tetramethyl- 
germane (25). Found: M, 198.0, yield, 95%, v.p. 5.6 mm at 0°. Calc. for (CH;);GeBr: 
M, 197.5, v.p. 5.6 mm at 0°. 

Commercial boron trifluoride was used only after it had been distilled and its vapor 
pressure and molecular weight had been checked. 


Preparation of Methylbromogermane 

Methylgermane (3.08 mmole) and hydrogen bromide (3.08 mmole) were condensed 
in a vessel the walls of which had first been coated with anhydrous aluminum tribromide. 
After the mixture was heated at 100° for 4 hours, the hydrogen formed in the reaction 
was pumped away through a trap held at —196°, which retained condensable gases. 
Unreacted methylgermane and hydrogen bromide were removed together by three 
distillations at —96°, leaving tensiometrically pure methylbromogermane. Found: Br, 
47.0%; M, 169.7, v.p. 26.8 mm at 0°, yield, 53%. Calc. for CH;GeH2Br: Br, 47.11%; 
M, 169.6. 

Methylbromogermane had vapor pressures (0 to 60°) given by the equation logio 
pb(mm) = 7.800—(1740/T), which gives an extrapolated boiling point of 80.5+0.5°, a 
latent heat of vaporization of 7960 cal mole~!, and a Trouton constant of 22.5. A list 
of the measured vapor pressures is given in Table II. The melting point was —89.2+0.2°. 


Preparation of Methyldichlorogermane 

A bulb (51.) previously coated with anhydrous aluminum trichloride was charged 
with methylgermane (1.46 mmole) and hydrogen chloride (1.12 mmole) and heated 
for 4 hours at 100°. Hydrogen was pumped off. Unreacted methylgermane and hydrogen 
chloride were removed by distillation in the range — 130 to —92°. Methyldichlorogermane 
was separated from the residue by several distillations at —45.2°. Found: Cl, 43.1%; 
M, 160.3, v.p. 25.8 mm at 20°. Calc. for CH;GeHCl:: Cl, 43.41%; M, 159.6. Vapor 
pressures: of methyldichlorogermane, which are listed in Table III, obey the equation 
logio b(mm) = 7.551—(1800/7), giving an extrapolated boiling point of 112.2+0.5°, a 
latent heat of vaporization of 8250 cal mole, and a Trouton constant of 21.4. The 
melting point was found to be —63.1+0.1°. 
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Reaction of Methylbromogermane with Silver Carbonate 

Methylbromogermane (1.42 mmole) was slowly passed through a glass wool — silver 
carbonate (2.0 g) plug which turned black during the process. Hydrogen (0.3 mmole) 
was pumped away through a trap cooled with liquid air which retained condensable 
vapors. These were distilled at —96° to separate carbon dioxide (2.15 mmole. Found: 
M, 47.5. Calc. for CO2: M, 44.0) from the residue. Redistillation of the residue at —45.2° 
gave a distillate which was mainly unreacted methylbromogermane (0.14 mmole. Found: 
M, 155.5. Calc. for CH;GeH.Br: M, 169.5) and a residue which was a clear viscous 
liquid with undetectable vapor pressure at room temperature. It was not identified. 


Reaction of Methylbromogermane with Sodium Methylate 

Methylbromogermane (1.94 mmole) and dry sodium methylate kept at —80° for 
30 minutes gave on distillation at —80° a fraction (1.83 mmole. Found: M, 107.4) 
which was probably methylmethoxygermane (Calc.: M, 120.6) contaminated with 
methanol (Calc.: M, 32.0). Redistillation of this fraction at —65° and again at 20° 
yielded only methanol (1.63 mmole. Found: M, 38.1. Calc. for CH;OH: M, 32.0) and 
an unidentified, non-volatile white solid residue. 


Preparation of Trimethylchlorogermane 

Tetramethylgermane (2.27 mmole) and hydrogen chloride (2.15 mmole) were con- 
densed in a reaction bulb which had previously been charged with aluminum trichloride. 
The mixture was warmed to room temperature and, after 1 hour, methane was pumped 
off. Condensable vapors were separated into three fractions by distillation through a 
series of traps held at —80, —130, and —196°. Hydrogen chloride (0.66 mmole) was 
condensed in the trap maintained at —196°, while tetramethylgermane (0.14 mmole) 
collected in the trap held at —130°. The fraction retained at —80° was trimethylchloro- 
germane. Found: M, 153.1, yield 33%. Calc. for (CH3);GeCl: M, 153.1. 

Vapor pressures of trimethylchlorogermane (0 to 68°) are expressed by the equation 
logio P(mm) = 7.665 —(1795/T), which gives an extrapolated boiling point of 102.0+0.5°, 
a latent heat of vaporization of 8210 cal mole, and a Trouton constant of 21.9. Vapor 
pressures are listed in Table IV. Rochow (4) reported the boiling points of dimethyl- 
dichlorogermane and trimethylchlorogermane as 124° and 115° respectively. Since he 
obtained trimethylchlorogermane by distillation from a mixture rich in dimethyldichloro- 
germane, his trimethylchlorogermane fraction was probably contaminated with a small 
amount of the dichloro compound resulting in a higher boiling point than we obtained 
by extrapolation of vapor pressure data. 


Reaction of Trimethylchlorogermane with Silver Carbonate 

Silver carbonate (1 g) and trimethylchlorogermane (1.17 mmole) were kept together 
for 3 hours at room temperature with frequent shaking. Distillation at —80° yielded a 
distillate of carbon dioxide (0.86 mmole. Found: M, 44.6. Calc. for CO.: M, 44.0) and 
a residue of impure hexamethyldigermoxane. Unreacted trimethylchlorogermane was 
separated from hexamethyldigermoxane by several distillations at —22.9° leaving a 
residue of tensiometrically pure hexamethyldigermoxane. Found: M, 250, v.p. 5.7 mm 
at 18.2°, yield, 60.5%. Calc. for [((CH3);Ge],0: M, 251.2. Vapor pressure measurements 
in the range of 18.2 to 72.4°, listed in Table V, determine the equation logio (mm) 
= 8.580 —(2290/T), which indicates an extrapolated boiling point of 129°, a latent heat 
of vaporization of 10,540 cal mole, and a Trouton constant of 26.0. The compound 
melted sharply at —61.1+0.1°. 
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Reaction of Trimethylbromogermane with Sodium Methylate 

Trimethylbromogermane (8.05 mmole) was condensed on excess sodium methylate 
which had first been dried at 90° for 5 hours in vacuum. After the reaction mixture had 
been kept at —22.9° for 90 minutes, volatile products were distilled out and treated 
with freshly cut sodium to remove methanol impurities. Trimethylmethoxygermane was 
then distilled through a trap maintained at —45.2° to remove any hexamethyldigermane 
formed during the treatment with sodium. Found: M, 147.0, yield, 98%. Calc. for 
(CH;)3GeOCH;: M, 148.6. Vapor pressures, measured in the range 0 to 61.9° and listed 
in Table VI, obey the equation logic p(mm) = 7.531 —(1695/T), which gives an extra- 
polated boiling point of 91.1+0.5°, a latent heat of vaporization of 7750 cal mole, and 
a Trouton constant of 21.2. The melting point was —102.2+0.3°. The boiling point 
determined here from vapor pressure data is 4.1° higher than that previously reported 
for a sample obtained by distillation of trimethylmethoxygermane from a methanolic 
solution (6). Since it is difficult to remove the last traces of methanol from trimethyl- 
methoxygermane by vacuum distillation, 91.1° appears to be a more reliable value for 
the boiling point. 


Reaction of Hexamethyldigermoxane with Boron Trifluoride 

Hexamethyldigermoxane (0.672 mmole) and boron trifluoride (0.448 mmole) in a 3:2 
mole ratio were maintained at —80° for 12 hours. Only three-quarters of the boron 
trifluoride was consumed at this temperature. The product was a white solid. On warming 
to 20°, consumption of boron trifluoride was complete and, after 4 hours, the white solid 
decomposed into a volatile substance and an involatile white solid. The volatile fraction 
was pure trimethylfluorogermane (1.31 mmole. Found: M, 136.4, v.p. 83.5 mm at 22.2°. 
Calc. for (CH3)3;GeF: M, 136.6). The involatile residue of boron trioxide was titrated, 
in the presence of mannitol, with sodium hydroxide to the phenolphthalein end point. 
Calculations based on the stoichiometric equation, 3[(CH;)3Ge],O + 2BF; = 6(CH;);GeF 
+ B.O3, indicated that boron trioxide and trimethylfluorogermane were formed in 97.5 
and 97.6% yield, respectively, thus proving the composition of hexamethyldigermoxane. 

Vapor pressures of liquid trimethylfluorogermane in the range 12.7 to 71.9°, listed 
in Table VII, are expressed by the equation logio p(mm) = 7.655—(1695/T), which 
gives an extrapolated boiling point of 81.1+0.5°, a latent heat of vaporization of 7750 
cal mole—!, and a Trouton constant of 21.8. A boiling point of 77-78° at 755 mm had 
previously been reported for this compound (17). Sublimation pressures of trimethyl- 
fluorogermane in the range —23 to 9°, given in Table VIII, are expressed by the equation 
logio P(mm) = 9.028—(2083/T), which indicates a latent heat of vaporization of 9550 
cal mole—!. The latent heat of fusion was 1800 cal mole“! and the melting point was 
1.9+0.4°. 


Reaction of Trimethylmethoxygermane with Boron Trifluoride 

Trimethylmethoxygermane (0.307 mmole) and boron trifluoride (0.307 mmole) gave 
a white solid when left overnight at room temperature. This adduct was sublimed at 
25° without decomposition. Saturation vapor pressures in the range 16.5 to 33.0°, listed 
in Table IX, are expressed by the equation logio p(mm) = 10.790—(3105/7). At about 
41° large positive deviations from the sublimation pressure equation began to occur. On 
cooling to less than 41°, sublimation pressures again followed the sublimation pressure 
plot. The adduct melted in the range 41 to 46°. 
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TABLE IX 
Sublimation pressures of (CH;);GeOCH;- BF; 








‘ % 
16.5 16.9 28.9 33.0 








.25 3.25 4.34 
.23 3.24 4.57 


Pmm (obs. ) a. 
Pmm (calc.) 1.20 


So 
_ 
- 
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A KINETIC ISOTOPE EFFECT STUDY OF THE TSCHUGAEFF REACTION! 


RICHARD F. W. BADER? AND A. N. BouRNS 


ABSTRACT 


Three different kinetic isotope effects have been measured in the thermal decomposition 
of S-methyl-trans-2-methyl-l-indanyl xanthate: the S*/S* effect for the thio-ether sulphur 
atom, the S*/S* effect for the thion sulphur, and the C"/C® effect for the carbonyl carbon. 
The results of these measurements provide strong support for a two-step mechanism, in which 
the rate-determining step is the removal through a cyclic transition state of the cis beta 
hydrogen atom by the thion sulphur atom. 


INTRODUCTION 


The pyrolytic decomposition of a xanthate ester to yield an alkene, carbonyl sulphide, 

and a mercaptan 
R.:C—CR, 
oF — R:C=CR: + COS + CH;SH 
H O—CS—SCH; 

is named the Tschugaeff reaction in honor of its discoverer (1). It belongs to that class 
of reactions known as pyrolytic cis eliminations, a class which also includes the thermal 
decomposition of such compounds as esters, amine oxides, and organic chlorides. The 
steric course of the reaction was first established by Hiickel, Tappe, and Legutke (2), 
who, from a study of the products obtained from the thermal decomposition of the 
xanthates derived from /-menthol, d-neomenthol, and the isomeric decalols, discovered 
the then surprising fact that a cis beta hydrogen is preferentially removed in the elimina- 
tion process. Subsequent studies by Cram (3), Alexander and Mudrak (4, 5, 6), Barton 
(7), and Bordwell and Landis (8) have provided ample confirmation of the steric course 
of the reaction. Recently, DePuy and King (9) have summarized this and other work on 
the Tschugaeff reaction in a review dealing with pyrolytic cis elimination processes. 

As with other cis eliminations, the Tschugaeff reaction is found to be unimolecular 
and to possess a negative entropy of activation (10, 11). These observations, including 
the cis behavior, are accommodated by mechanisms which involve a cyclic transition 
state, such as were first postulated by Hiickel et a/. (2) and by Stevens and Richmond 
(12). The mechanisms proposed by these two groups of investigators, however, differed 
in the assignment of the sulphur atom, which was considered to play the role of the 
nucleophilic agent in the hydrogen abstraction. Hiickel et al. assigned this role to the 
thio-ether sulphur atom and pictured the reaction as a one-step process proceeding 
through a six-membered cyclic transition state as follows: 


LO Os 

N\c7 \c=s Nev Sc=s \¢Y 

C | | —— <j | — | + Cos + CHSH. 
‘Cc S—CH , —— 

a NH : Pi SH” ° 4 Bd 


MECHANISM | 


This mechanism for xanthate decomposition, which in subsequent discussion will be 
referred to as mechanism I, has been cited by Barton (7), Ingold (13), and Bartlett (14). 
1Manuscript received November 4, 1960. 
Contribution from the Burke Chemical Laboratories, Department of Chemistry, McMaster University, Hamil- 


ton, Ontario. Presented at the XI Vth International Congress of Pure and Applied Chemistry, Ziirich, 1955. 
2Present address: Department of Chemistry, University of Ottawa, Ottawa, Ontario. 
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In contrast to Hiickel’s proposal, Stevens and Richmond (12) cast the thion sulphur 
atom in the role of hydrogen abstractor. This choice also provides for the formation of a 
six-membered cyclic transition state. The decomposition of this transition state, how- 
ever, does not lead directly to all of the observed products. Rather, it results in the 
initial formation of the alkene and an unstable xanthic acid, the latter being expected 
to dissociate in a subsequent fast step to carbonyl sulphide and mercaptan. 


fe) Ox 
Nc” \c—scH, ye" ““C—SCH, Me 9 
f | | — <q i sonnei .Ailied C-SCHt 
c S S.A 
f \- / HY #% SH 
) 
| fast 
C—SCH; ——+ COS + CH,SH 
SH 


MEcHANISM II 


Cram (3) also favored this mechanism, which shall be termed mechanism II, on the 
grounds that resonance structures for the xanthate grouping place more negative charge 
on the thion than on the thio-ether sulphur atom. He further maintained that the ester 
group would present steric problems not to be encountered with the thion sulphur atom. 
Alexander and Mudrak (4) held essentially similar views. The two possible mechanisms 
thus exhibit a fundamental difference not only in the functions assigned to the sulphur 
atoms but also in the manner in which the activated complexes revert to products.* 

Classical methods, such as steric and kinetic studies have led to a general formulation 
of the reaction mechanism, but they afford no obvious method for differentiating between 
the two mechanisms, I and II. There is, however, a more subtle method of gaining an 
insight into the properties of a transition state molecule. This method is dependent 
upon the measurement of kinetic isotope effects. The object of this paper is to decide 
between the two proposed mechanisms for the Tschugaeff reaction by offering evidence 
obtained from such measurements. 

Two isotopic species will exhibit a difference in their relative rates of reaction whenever 
their bonding energy undergoes a change in or before that step of the reaction which 
determines the over-all rate. Since the changes in bonding predicted for the thion and 
thio-ether sulphur atoms are very different in the two mechanisms, a knowledge of the 
isotopic fractionation incurred by these atoms will permit the assigning of definite roles 
to each in the rate-determining step. In addition, the mechanisms involve quite different 
bonding changes for the carbonyl (xanthate) carbon atom, and, therefore, information 
regarding its isotopic fractionation should also prove helpful in distinguishing between 
the two possibilities. 

It is possible to make predictions concerning the magnitude of the isotope effects to 
be expected for each mechanism by use of the familiar Bigeleisen equation which relates 
the kinetic isotope effect to isotopic mass and vibrational frequencies (17): 

3Tarbell and Harnish (15) have proposed a mechanism based on an initial isomerization of the xanthate ester 
to a dithiolcarbonate. This mechanism, aside from being difficult to reconcile with the known steric results for the 


Tschugaeff reaction, may be completely discounted by the observations of Salomaa (16) that the dithiolcarbonates 
are much more stable than the corresponding xanthate esters. 
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3n—6 3n’—6 
ki/k2 = (ms* ms $14 >» G(u,)Auy+ > Gu?) au | 
i i 


where & is the rate constant, m* is the effective mass of the transition state in the direc- 
tion of the reaction co-ordinate, G(u,;) is a free energy function defined by Bigeleisen 
and Mayer (18), 32—6 is the number of vibrational modes of the molecule, and Au, is 
equal to (v;—v2)h/RT. The subscripts 1 and 2 refer to light and heavy isotopic molecules, 
respectively. 

A common procedure used in calculating, from vibrational frequency data, the free 
energy (square bracket) term of this equation for a bond-rupture process, is to assume 
a model for the transition state in which the bond in question is completely broken and 
the vibrational frequencies of all other bonds are unchanged (19). On this basis, if the 
reaction is one involving the rupture of a single bond associated with the isotopic atom, 
the summation for the transition state is zero and that of the initial state may be readily 
calculated from the vibrational stretching frequency of the isotopic bond. For a reaction 
in which the main covalency change involving the isotopic atom is the conversion of a 
double to a single bond, the initial state and transition state summations may be evaluated 
from a knowledge of the double and single bond vibrational stretching frequencies, 
respectively. This method of approximation is crude, but it can be justified on the basis 
that the calculations are readily made, and what is of greater importance, the results 
in general have been found to give surprisingly good agreement with experimental 
data (19). 

By application of this method and by reference to known examples, the following 
predictions have been made concerning the direction and magnitude of the isotope 
effects to be expected for each mechanism of xanthate decomposition.‘ Since a compound 
of natural isotopic abundance was used in the experimental study, these predictions refer 
to S®/S* and C®/C® rate ratios. 


A. Thio-ether Sulphur 

Mechanism I.—The bond between the thio-ether sulphur atom and the carbonyl 
carbon atom is broken in the rate-determining step. Using the Slater theorem (19, 20) 
for the evaluation of the effective mass term and a vibrational stretching frequency of 
650 cm~! (21) for the C—S bond, an isotope effect (R32/k34—1) of 1.2% is calculated 
for reaction at 78° C. 

Mechanism II.—The bond between the thio-ether sulphur atom and the carbon atom 
undergoes no significant change in the rate-determining step. A zero isotope effect, 
therefore, would be predicted, or, if there is some C—S bond weakening in the transition 
state leading to the xanthic acid, an effect of a few tenths of one per cent at the most. 


B. Thion Sulphur 
Mechanism I.—The carbon-sulphur double bond is not appreciably altered in the 
rate-determining step, with the result that the isotope effect should be small or zero. 
Mechanism II.—The carbon-sulphur double bond becomes a carbon-sulphur single 
bond. Using C—S (single bond) as a model for the transition state, and vibrational 
stretching frequencies of 1150 cm™ and 650 cm (21) for double and single bonds of 


4In addition, a number of fairly detailed calculations were performed to give more substance to the predicted 
tsotope effects. These calculations involved the determination of the normal frequencies and their isotopic shifts 
for simplified models which approximated the xanthate portion of the molecule for the initial state and the two 
possible transition states. The isotope effects were then calculated from the frequencies and the effective masses 
thus obtained by substitution in the Bigeleisen equation. This more refined treatment gives results which are in 
close agreement with those obtained by the more approximate method. 
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sulphur to carbon, respectively, one obtains a free energy term of 1.007 at 78° C. The 
effective mass term, however, will be very small since the rate-determining step does 
not lead to a separation of the sulphur atom, but only to a lengthening of its bond to 
carbon. The isotope effect for the thion sulphur atom would be expected to be between 
0.7 and 1.0%. 


C. Carbonyl Carbon 

Mechanism I.—A carbon-sulphur single bond is broken in the rate-determining step. 
Treatment of the reaction as simply the dissociation of a C—S diatomic molecule into 
its constituent atoms leads to the prediction of a carbon-13 isotope effect of 3 to 4% 
at 78° C. That the isotope effects found in the somewhat analogous reaction of decar- 
boxylation fall within this range (19) lends support to this prediction. 

Mechanism II.—In the rate-determining step no bond involving isotopic carbon is 
completely broken, but rather a carbon-sulphur double bond becomes a single bond 
and a carbon — oxygen single bond becomes a double bond. If these two processes occur 
to about the same extent in the transition state, the free energy summations for the 
initial and transition state terms might be expected to effectively cancel each other. Since 
there is no separation of atoms, the effective mass term should also be small. The net 
result then will be a very small or zero isotope effect for the carbonyl carbon. 


RESULTS AND DISCUSSION 


The compound employed in this investigation was S-methyl-trans-2-methyl-1-indanyl 
xanthate (1), the pyrolytic decomposition of which had been previously investigated by 
Alexander et al. (6). This compound was chosen for the following reasons: it possesses 
but one hydrogen atom on a beta carbon; the configuration is such that cis elimination 
only can occur; it is a solid readily purified by recrystallization; its decomposition pro- 
ceeds with better than 80% yield of the gaseous products. 


| |. |e 
WY 

| 
OCSSCH; 


I 


The observed isotope effects for each of the two sulphur atoms and for the carbonyl 
carbon are given in Table I, together with a summary of the effects predicted for the 
two mechanisms. 

It is seen from Table I that the experimental results are incompatible with the pre- 
dictions of mechanism I. The absence of any isotope effect whatsoever for the xanthate 
carbon atom and a very small one for the thio-ether sulphur atom proves conclusively 
that the bond between these two atoms is not severed in the rate-determining step, as 
would be required by this mechanism. Furthermore, mechanism I allows for only a very 
small isotope effect for the thion sulphur atom, and can in no manner account for the 
9/10% actually observed. The experimental results are, however, in excellent agreement 
with the predictions of mechanism II. The zero isotope effect for the xanthate carbon is 
entirely compatible with this mechanism in which there is concurrent partial bond 
formation and rupture in the transition state of the rate-determining step. The 9/10% 
isotope effect for the thion sulphur atom is also in accord with mechanism II]. Though 
this is a relatively small effect, it does show that the bonding of this atom is altered 
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TABLE I 


Sulphur and carbon isotope effects in the decomposition of 
S-methyl-trans-2-methyl-l-indanyl xanthate 











% isotope effect, 100(k&/k# —1) 





Thio-ether sulphur Thion sulphur Carbonyl carbon 
S32/SH# C#/C1 





S22/S# 
Experimental 
I 0.14 0.84 0.00 
II 0.28 1.03 0.00 
Ill = 1.01 -- 
IV 0.28 0.62 0.13 
V 0.18 0.83 0.00 
VI 0.19 0.85 0.12 
Average? 0.21+0.07 0.86+0.16 0.04+0.06 
Predicted 
Mechanism [| ~1.2 ~0.0 3.0-4.0 
Mechanism II ~0.0 0.7-1.0 ~0.0 





“Precision expressed as 95% confidence limit. 


significantly in the rate-determining step. The 2/10% isotope effect observed for the 
thio-ether sulphur atom is explicable only if it is assumed to be undergoing no significant 
change in bond energy or type in the rate-determining step. This is the case in mechanism 
II. 

From this comparison it is concluded that a mechanism is operative in the Tschugaeff 
reaction which follows the major steps outlined for mechanism I], i.e., the reaction 
proceeds via a two-step mechanism wherein the thion sulphur atom abstracts the cis 
beta hydrogen atom resulting in the formation of an unstable xanthic acid intermediate. 
This is analogous to the mechanism which is currently accepted for the thermal decom- 
position of carboxylic acid esters (9). 

The absence of an isotope effect for the carbonyl carbon atom provides a further 
insight into the more detailed aspects of the reaction. O’Connor and Nace (11), in order 
to account for the decreased thermal stability of cholesteryl xanthates with increased 


S 


| 

electronegativity of R— in the xanthate group, —O—-C—SR, had pictured the oxygen 
atom as forming a x-bond with the carbonyl carbon atom during the rate-determining 
step. The more electronegative the xanthate group, the larger the induced positive 
charge on the carbon atom and hence the greater the driving force due to the partial + 
bond formation. Some recent work by Salomaa (16) has demonstrated the importance of 
this particular driving force in pyrolytic ester decompositions. He investigated the 
thermal properties of compounds of types II to VI: 


R—O—CS—SCH; R—S—CO—SCH; R—O—CO—OCH; 
II III IV 


R—O—CO—SCH; R—O—CS—OCH; 
V VI 


which are respectively, the xanthate ester, the dithiolcarbonate, the carbonate ester, the 
thio ester, and the thio carbonate ester. Compounds of types II and VI possess the 
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system toe ny which is capable of providing driving force (---O:+-C:::S---) 

| 
for the reaction and only these compounds are found to be thermally unstable. Com- 
pounds of the types III, IV, and V contain the ester grouping —S—-C—O or —O—C=O, 
| 
and their reaction, therefore, must give rise to a transition state in which there has been 
either an increase in the bonding of the carbonyl carbon to sulphur at the expense of 
its bonding to oxygen, which would be energetically unfavorable, or a change in bonding 
from one oxygen atom to another, which would involve only a very small free energy 
change. Salomaa found that these compounds remain unchanged on distillation, which 
is in accord with these considerations. 

The absence of an isotope effect for the carbonyl carbon shows clearly that this partial 
x-bond driving force is indeed present. A calculation has shown that if there were no 
concurrent x bond formation of the oxygen with the carbonyl carbon, the isotope effect 
for this carbon atom would be of the order of 1%. A lower value can only arise as a 
consequence of participation of oxygen in w bond formation; and the fact that the 
observed isotope effect in the present study is zero, within the limits of measurement, 
strongly suggest that the two bond changes involving carbon are nearly balanced. In 
other reaction systems this need not be the case, and it should be possible to relate the 
change in the observed isotope effect with a change in driving force as, for example, the 
ester grouping is made more electronegative. 


EXPERIMENTAL 


The synthetic work entailed the preparation of the ketone 2-methyl-1-indanone, which 
under wil conditions could be hydrogenated to yield only the trans form of the 
alcohol, 2-methyl-l-indanol. The 2-methyl-l-indanone was prepared according to the 
procedure given by Alexander and Mudrak (6) and also by an alternative method reported 
by Fuson and Burckhalter (22). Of the two synthetic procedures, the latter method was 
found to give the purer product and the higher over-all yield, namely 50%, as compared 
to 30%. The procedure of Alexander and Mudrak (6) was used for the stereospecific 
hydrogenation over copper chromite of the ketone to trans-2-methyl-1l-indanol, as was 
also his method for the conversion of the alcohol to the xanthate ester. The carbon 
disulphide employed in the synthesis contained carbon and sulphur of natural isotopic 
abundance. S* is found in natural sulphur to the extent of 4.2% and C" occurs naturally 
to the extent of 0.7%. Both of these abundances are quite sufficient for precise mass 
spectrometric analysis. 

Since it was necessary to measure the isotopic fractionation of the thion and thio- 
ether’sulphur atoms and also of the carbonyl carbon atom, a method for their quantitative 
separation and recovery was required. The products of the decomposition of the xanthate 
ester (I) are 2-methyl-l-indene, methyl mercaptan, and carbonyl sulphide. The alkene 
is a high-boiling compound and remains in the reaction flask. Carbonyl sulphide and 
methyl mercaptan are both gases at room temperature and may be rapidly removed 
from the reaction mixture with a stream of inert gas. The thio-ether sulphur atom is 
found in the methyl mercaptan, and the thion sulphur and the carbonyl carbon atoms 
in the carbonyl! sulphide. 

The separation of the two gaseous products (and thus of the two forms of sulphur) 
was based on the fact that carbonyl sulphide is unaffected by cold, fuming nitric acid 
(23), whereas methyl mercaptan is very rapidly oxidized to non-volatile methanesulphonic 
acid. 
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The gaseous product consisting of methyl mercaptan and carbonyl sulphide was swept 
into the fuming nitric acid trap, A, in Fig. 1, by a stream of purified nitrogen gas. After 






































Fic. 1. Apparatus for total decompositions. 


the completion of the experiment the tube and bubbler of trap A were sealed in a Carius 
tube and heated for 24 hours in a furnace maintained at 260 to 270° C. This treatment 
oxidized all of the methanesulphonic acid to sulphate ion, carbon dioxide, and water. 
The sulphate ion was then precipitated as barium sulphate according to the procedure 
outlined by Kolthoff and Sandell (24), after the excess nitrate ion was first removed by 
three successive evaporations in the presence of hydrochloride acid. The carbonyl sulphide 
was swept unreacted through the fuming nitric acid and collected in trap B, which was 
immersed in liquid air and contained lead hydroxide and excess base. Subsequent warming 
of the closed, isolated trap converted the carbony! sulphide into lead sulphide and lead 
carbonate. The latter was decomposed by the addition of acetic acid and the evolved 
carbon dioxide precipitated as barium carbonate according to the procedure outlined 
by Calvin et al. (25). The thio-ether and thion sulphur atoms of the xanthate ester were 
thus recovered as barium sulphate and lead sulphide, respectively, while the barium 
carbonate contained the carbonyl carbon. 

The quantitativeness of the separation of the two gaseous compounds and of the 
recovery of the three resulting products was established using pure samples of methyl 
mercaptan and carbonyl sulphide. In the experiments using carbonyl sulphide alone, no 
sulphur in any form was detected in the fuming nitric acid trap, and recovery of sulphur 
as lead sulphide was better than 98%. With synthetic mixtures of the two gases, yields 
of lead sulphide ranged from 96 to 101%, of barium sulphate 96 to 103%, and of barium 
carbonate 100 to 102%. 

In the final stages of the procedure the three solid products, barium sulphate, lead 
sulphide, and barium carbonate, were converted to gaseous products suitable for mass 
spectrometer analysis, namely, sulphur dioxide and carbon dioxide. The barium sulphate 
was reduced to hydrogen sulphide by treatment with a solution containing hydriodic 
acid, concentrated hydrochloric acid, and hypophosphorous acid. The hydrogen sulphide 
was precipitated as cadmium sulphide and then converted to silver sulphide. This silver 
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sulphide, as well as the lead sulphide formed from carbonyl sulphide, was burned in a 
stream of purified oxygen to sulphur dioxide, which was purified and collected using 
high-vacuum techniques. These procedures for the conversion of metal sulphates and 
sulphides to sulphur dioxide have been previously described by Thode and his co-workers 
(26) and have been shown to involve no significant isotopic fractionation. Barium car- 
bonate was treated with concentrated sulphuric acid in a high-vacuum system and the 
resulting carbon dioxide purified and collected. Yields- of purified carbon dioxide were 
shown to be better than 98%. 

An isotope effect is conveniently determined by intercomparison of the isotopic ratio 
for the atom in question in the original reactant and in the product formed from some 
small measured extent of reaction. In the present investigation the isotopic ratios in the 
reactant were determined by allowing the reaction of a sample of the xanthate to pro- 
ceed to completion, separating the products, converting them to sulphur dioxide and 
carbon dioxide, and analyzing the gases mass spectrometrically. These ratios were then 
combined with corresponding ratios obtained for the products of a partial reaction and 
the isotope effects were calculated using an expression derived by Stevens and Attree 
(27) which takes into account the extent of reaction. 


Total Decompositions 

The total decompositions were carried out in the manner described below, employing 
the apparatus shown in Fig. 1. On the day previous to which an experiment was per- 
formed, the xanthate ester was repeatedly recrystallized until it exhibited a constant 
melting point. The material was then stored overnight in a vacuum desiccator containing 
phosphorus pentoxide. A small portion of the xanthate ester, in the neighborhood of 
1 millimole, was accurately weighed and placed in the decomposition tube D. Before 
traps A and B, charged as previously described, were attached to the line, tubes D and 
C were flushed for 1 hour with purified nitrogen gas. A dry ice — acetone bath was placed 
around trap C, an ice-water bath around trap A, and a liquid-air bath around trap B. 
Without interruption of the nitrogen gas flow an oil bath, heated to a temperature of 
103° C, was placed around tube D at such a height that the liquid level of the bath 
was slightly higher than that of the solid inside tube D. The temperature of the bath 
was maintained at approximately 100° C, resulting in the rapid melting of the xanthate 
and in the evolution of gaseous products. The methyl mercaptan condensed in the U 
tube C, where it was visible as a clear, colorless liquid. At no time did any of the 2- 
methyl-l-indene distill into tube C. One-half hour after the initial application of heat, 
the dry ice — acetone bath was slowly lowered from around trap C; and when a total of 
13 hours had elasped, the heating was discontinued. The nitrogen sweep was continued 
for } hour more, after which time traps A and B were removed from the line and their 
contents treated as previously described. 

The work of Alexander and Mudrak (6) had indicated that the pyrolysis of S-methyl- 
trans-2-methyl-l-indanyl xanthate produced approximately 80% of the theoretical 
amount of gaseous products, a figure arrived at by measuring the volume of the evolved 
carbonyl sulphide and methyl mercaptan. Trial runs using the procedure outlined above 
gave results slightly higher than those reported by Alexander and Mudrak. Table III 
lists the results of three such runs. The percentage yield of the methyl mercaptan is 
expressed in terms of the recovered barium sulphate, and the carbonyl sulphide is 
similarly expressed in terms of the recovered lead sulphide and barium carbonate. 

Although the yields of products are less than quantitative, the isotopic ratios obtained 
for thio-ether sulphur and for carbonyl carbon should not differ significantly from the 
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TABLE II 


Percentage yields of methyl mercaptan and carbonyl sulphide obtained from 
thermal decompositions of S-methyl-trans-2-methyl-1l-indanyl xanthate 

















Xanthate % yield 
ester -- — 
(mmoles) PbS BaCO; BaSO, 
1.01 85.6 91.4 83.5 
1.15 85.5 89.4 91.6 
0.974 86.2 88.5 92.4 
TABLE III 


Experimental data for the total and partial decompositions of S-methyl-trans-2-methyl-1l-indany] xanthate 








Isotopic abundance ratios 











% yield 

Expt. Temp. — Thio-ether S Thion S Carbonyl C 

No. re BaSO, PbS BaCO; S2/S* S2/S* Ccey7ce 
TD-I 100 77.6 81.0 84.2 22.28 22.20 93 . 63 
PD-I 77 4.4 3.7 4.1 22.31 22.38 93.63 
TD-II 100 83.3 83.5 82.6 22.27 22.18 93.72 
PD-II 79 7.8 7.9 8.3 22.33 22.40 93.72 
TD-III 100 — 88.0 83.0 — 22.20 — 
PD-III 76 — 4.8 —e — 22.42 — 
TD-IV 100 67.6 87.8 90.8 22.30 22.22 93.78 
PD-IV 80 6.9 9.4 9.9 22.36 22.35 93 .90 
TD-V 100 86.7 86.7 93 .4 22.31 22.23 94.25 
PD-V 75 6.5, 5.7 6.6 22.35 22.41 94.25 
TD-VI 100 91.5 88.0 94.3 22.31 22.28 94.34 
PD-VI 81 11.2 10.6 11.4 22.35 22.46 94.43 





ratios in the original reactant, since these atoms undergo little or no isotopic fractionation 
in the pyrolytic reaction. The thion sulphur atom is, however, isotopically fractionated, 
and the failure to achieve complete conversion to carbonyl sulphide in the ‘‘total”’ 
decompositions might conceivably give a product whose S*/S* ratio is slightly higher 
than that in the original reactant. This would mean that the true isotope for this atom 
would be somewhat higher than that obtained by the intercomparison of ratios for the 
partial and “‘total’’ reaction products. In this event, mechanism II would be even more 
strongly indicated. 


Partial Decompositions 

Since the partial decompositions required only short heating periods, varying from 
2 to 3 minutes, there was a possibility that some of the carbonyl! sulphide and methyl 
mercaptan would remain dissolved in the unchanged reactant and the 2-methyl-1-indene. 
To circumvent this difficulty, the partial decompositions were performed in an evacuated 
system and the products collected in a liquid-air trap, thus insuring the complete and 
rapid removal of the gaseous products from the melt. A pair of total and partial decom- 
positions were always carried out on the same day. 

The apparatus employed for the partial decompositions is shown in Fig. 2. A weighed 
amount of the xanthate ester, of the order of 20 mmoles, was placed in the bulb of flask 
E, which was attached to a U tube F, provided with two stopcocks. The other arm of 
the U tube was connected to a high-vacuum system. Stopcocks S; and Ss were both 
opened and the system was evacuated to a pressure of 10->mm of mercury or less. 
Tube F was then immersed in a liquid-air bath, stopcock S, was closed, and an oil bath 
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Fic. 2. Apparatus for partial decompositions. 


at 70° C was raised to cover the bulb of tube E.* The solid in tube E melted rapidly and 
the temperature was then quickly raised to the desired value of 75 to 80° C. The reaction 
was allowed to proceed to only a small extent, usually 3 to 10% of completion. The oil 
bath was removed and the contents of the bulb were allowed to cool. Stopcock Ss; was 
then closed, tube F detached from E and the vacuum line, and, while still immersed 
in liquid air, connected to traps A and B. (Tube F has thus replaced D and C in Fig. 1.) 
With stopcocks S; and Sg closed, a dry ice — acetone slurry was substituted for the liquid- 
air bath. Stopcock Ss; was then slowly opened to admit a stream of purified nitrogen 
gas. When the pressure within the tube had reached atmospheric, stopcock Ss was 
opened and the nitrogen gas allowed to flow through the remainder of the apparatus. 
Tube F was kept immersed in the dry ice — acetone bath for } hour, after which time 
the slurry was removed and the flushing with nitrogen continued for another 1} hours. 
The line was then dismantled and the contents of traps A and B were treated as pre- 
viously described. 


Mass Spectrometry 

The relative abundances of the sulphur and carbon isotopes were measured: using 
a 180°, directional focusing mass spectrometer of the Nier type equipped with an 
automatic recorder. The S*2/S** ratios were obtained from the mass 64/mass 66 ion 
current ratios after applying a suitable correction for the contribution to mass 66 of 
the molecular species S#O"*O"* (28). Similarly, the C"/C ratios were obtained from 
44/45 ion current ratios with a correction being made for the contribution of C?O%O” 
to mass 45 (29). All of the mass spectrometer ratios reported have a precision of 0.1% 
or better. 

The experimental data pertaining to the total decompositions (TD) and the partial 
decompositions (PD) are listed in Table III. 
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5By first melting the xanthate ester at a temperature lower than that actually employed for the decompositions, it 


was possible to obtain a homogeneous reaction at the higher temperature while incurring only a minor amount 
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PHASE TRANSITIONS IN SOME ANHYDROUS POTASSIUM SOAPS! 


R. F. Grant? AND B. A. DUNELL 


ABSTRACT 


The proton magnetic resonance absorption of the anhydrous potassium soaps of palmitic, 
myristic, lauric, and capric acids has been studied. Pronounced changes in the proton magnetic 
resonance line widths correspond to known phase transitions in these soaps. 


INTRODUCTION 


The anhydrous potassium soaps of long-chain fatty acids pass through several reversible 
phase transitions before melting (1, 2). Since the nature of some of these transitions is not 
well understood, their investigation by the broad-line nuclear magnetic resonance (n.m.r.) 
technique was undertaken. In a previous study, the proton magnetic resonance absorption 
in anhydrous potassium stearate was discussed in some detail and two phase transitions 
were identified (3). The work reported here is the continuation of this earlier investigation 
to the proton magnetic resonance absorption in the anhydrous potassium soaps of pal- 
mitic, myristic, lauric, and capric acids. 


METHOD AND RESULTS 


These soaps were made from Eastman Kodak white label grade acids which had been 
purified by a low-temperature crystallization technique (4). The method used in pre- 
paring the potassium soap sample (3) and the details of the nuclear magnetic resonance 
spectrometer (5) have been previously described. The variation of the proton magnetic 
resonance line width of potassium palmitate, Cis, myristate, C4, laurate, Cis, and potas- 
sium caprate, Cio, is shown in Fig. 1. The line width is taken as the separation in gauss 
of the points of maximum and minimum slope of the proton magnetic resonance absorption 
line. 

With the exception of potassium caprate, all the potassium soaps investigated show a 
relatively small change in line width between —180° C and 20° C. They all exhibit a 
comparatively abrupt change in line width over a short temperature range, which falls 
between 50°C and 75° C. The line widths decrease somewhat gradually again as the 
temperature is raised above this range, and the line-width-vs.-temperature curve levels 
off above 130° C in the case of potassium laurate and caprate. Finally, at higher tempera- 
tures there is an abrupt change where the line width decreases from a value between 
3 and 5 gauss, to a value which seems to be governed by the inhomogeneity of the magnetic 
field over the sample. 


DISCUSSION 


In potassium stearate it has been shown that molecular motion is probably confined 
to torsional oscillation of small amplitude at temperatures below about 20° C (3). How- 
ever, this motion about the longitudinal axes of the paraffin chains increases considerably 
as the temperature is raised through the crystal-structure transition which is known to 
occur at some temperature between 50° C and 80°C in most potassium soaps (6). At 
temperatures above the crystal-structure transition the oscillation or twisting of the 
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Fic. 1. Line width versus temperature for potassium caprate (Cio), potassium laurate (Ci2), potassium 
myristate (Ci4), and potassium palmitate (Cis). 


paraffin chains appears to increase in violence until abruptly, at a higher temperature 
phase transition, motion of the paraffin chains is unrestricted except for the probable 
constraint that the polar chain ends remain in lattice array. These changes in motion 
are indicated by changes in line width and second moment, the final phase transition 
being indicated by the abrupt narrowing of the line to the limits of the spectrometer 
resolution (3). The line-width changes of the potassium soaps studied here parallel those 
changes observed in potassium stearate, and it is assumed that the same sequence of 
molecular motion occurs in each of these soaps. 

The temperatures of the crystal-phase transitions in the potassium soaps from the 
stearate to caprate are given in Table I. For the n.m.r. case, these temperatures are those 


TABLE I 


Crystal transition temperature in potassium soaps 








Method and temperature (°C) 








Soap Hot stage (6) Calorimetric n.m.r. 
Stearate, Cis 78 57 (2) 62 (3) 
Palmitate, Cis 68 60 (1) 66* 
Myristate, Ci, 61 60 (2) 60* 
Laurate, Cie 54 53 (2) 53* 
Caprate, Cio 76 — 74* 





*This work. 
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at which the abrupt line narrowing is completed, and it can be seen that the n.m.r. 
transition temperatures agree reasonably well with the crystal transition temperatures 
obtained by calorimetric (2) and X-ray (6) methods. The only significant disagreement 
is for potassium stearate between the microscopic study and the other two methods. 
The temperature at which the n.m.r. line becomes very narrow is given for each 
potassium soap in Table II, and is compared with the temperature of the nearest signifi- 
cant transition found calorimetrically (2) and with transition temperatures found by 


TABLE II 


A mesomorphic transition temperature in potassium soaps 








Method and temperature (°C) 











Soap n.m.r. Calorimetric Other 
Stearate, Cis 171 (3) 170(2) 162, 165t,t 
Palmitate, Cis 190* 176(2), 174(1) 173,§ 174f;|| 
Myristate, Ci, 204* 197 (2) 

Laurate, C2 212* 218(2) 
Caprate, Cro 246* 
*This work. 


tDilatometric (1, 8, 9). 
TLight transmission (10). 
§Hot-stage microscopy (1). 
X-Ray diffraction (11). 


other methods. The agreement is not close, particularly for potassium palmitate. The 
abrupt narrowing of the line width to less than half a gauss suggests that this transition 
is similar in nature to the supercurd-to-subwaxy transition in sodium soaps (3). In the 
sodium soaps, however, the supercurd-to-subwaxy transition temperatures are almost 
independent of chain length and show no trend to higher or lower values with changing 
length of chain (7), whereas this transition temperature increases gradually with decreasing 
chain length in the potassium soaps. It is probably reasonable to attribute this rise in 
transition temperature to increased effectiveness of the polar ends of the molecules in 
maintaining a firm lattice as the ratio of polar ends to CH2 groups increases with decreasing 
size of hydrocarbon chain. The levelling off of line width with increasing temperature 
at temperatures below the transition indicates that a limiting extent of motion is reached 
in the shorter-chain soaps (Ci, and shorter) at temperatures appreciably below the 
temperature which allows very extensive motion of the hydrocarbon chains. As one 
goes from Cys to Cio the temperature of levelling off is lower and the maximum amount 
of motion is less (as indicated by greater line width), both phenomena indicating the 
increasing effectiveness of the polar end groups in binding the lattice more tightly as 
the hydrocarbon chain gets shorter. 

At temperatures below the crystal transition temperature, on the other hand, the 
shorter hydrocarbon chains can move, within the limits to which any motion is possible, 
more freely than the longer chains. Such behavior is indicated by the greater decrease 
in line width of the shorter-chain soaps as the crystal transition temperature is approached 
from below, and is consistent with the view of low-temperature molecular motion in 
these salts suggested in an earlier paper (3). The hydrocarbon chains are believed to be 
capable of torsional oscillation of amplitude increasing from the fixed polar ends to the 
terminal CH; group. The constraints on the motion of the hydrocarbon chain alone are 
smaller for the shorter chains. 

Although clear indication of phase transitions at temperatures falling between the 
crystal transition temperature and 170°C have been obtained from calorimetric and 
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microscopic studies of potassium soaps (1, 2), no corresponding n.m.r. transitions have 
been observed. Such behavior is consistent with the fact that the n.m.r. line is narrowed 
by reorientations which are of low frequency compared with frequencies required to 
produce a thermodynamic effect. The fact that n.m.r. and thermal transitions do not 
necessarily coincide at one temperature was discussed by Gutowsky and Pake (12), and 
in the light of their discussion it is suggested that the transitions occurring between 
approximately 90° and 160° C are non-co-operative. A dilatometric anomaly has been 
reported for potassium palmitate at 130° C (1). It is, however, only a ‘“‘small inflection” 
in the specific-volume-vs.-temperature curve, a fact which would not contradict the 
interpretation given here for the n.m.r. results. 
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ORGANIC DEUTERIUM COMPOUNDS 
XXIII. SYNTHESIS OF DEUTERATED OLEFINS! 


D. Kovacuic? AND L. C. LEITCH 


ABSTRACT 


The synthesis of some deuterated ethylenes, propylenes, butenes, and pentenes is described. 
Homolytic addition of hydrogen bromide and deuterium bromide to allene and some deutero- 
allenes was investigated and found to give 2-bromopropylene and deutero-2-bromopropylenes 
rather than the 3-bromo isomers. The preparation of 3-bromopentadeuteropropene by the 
allylic bromination of hexadeuteropropene is described. Bromotrichloromethane and 1,3-buta- 
diene gave, under homolytic conditions, trans-5,5,5-trichloro-1-bromo-2-pentene, which was 
debrominated to a mixture of 5,5,5-trichloropentenes. The latter was then dechlorinated to 
1-pentene, which contained some 2-pentenes. Hexadeuterobutadiene reacted similarly to give 
the corresponding deuterated compounds. 


Two previous communications in this series dealt with the synthesis of deuterated 
alkanes (1) and diolefins (2). This paper describes the synthesis of several deuterated 
olefins embracing compounds from C: to Cs. Some of these are now reported for the 
first time while others have been obtained by a shorter route or in higher isotopic purity 
than previously. 

Synthetic\methods have been reported for four of the six possible deuterated ethylenes. 
Tetradeuteroethylene was prepared by partial reduction of dideuteroacetylene over 
palladium (3) or by the debromination of 1,2-dibromotetradeuteroethane (4, 5). cis- and 
trans-Dideuteroethylene were obtained by the reduction of dideuteroacetylene with zinc 
and hydrochloric acid (6) and chromous chloride respectively (7). 1,1-Dideuteroethylene 
was formed in 37% yield during the electrolysis of a-deuterated propionic acid (8). A 
mixture of all three mono-, di-, and tri-deuteroethylenes was obtained when ethylene 
was exchanged with deuterium oxide at 150° over a nickel catalyst (9). Finally an outline 
showing the preparation of several deuteroethylenes from acetylene or dideuteroacetylene 
and deuterium bromide has appeared in a review by de Hemptinne (10). 

Three ,of the possible deuteroethylenes have now been prepared more conveniently 
and ‘in better yield by the sequence shown below: 


DBr Zn 
CH;=—CHCl —> CH.BrCHDCI ——> CH:-=CHD 


v 


DBr Zn 
CH.==—CDCl —> CH:BrCD.Cl —> CH.—CD, 


Vv 


HBr Zn 
CH:—CDBr —> CD.BrCHDCIl —> CD.—CHD 
h 


v 


The vinyl bromide deuterated on the carbon atom bearing the chlorine was reported 
by us in a previous paper (11). Trideuterovinyl bromide was obtained by treating 
1,2-dibromotetradeuteroethane with alkali. 

Only a few deuterated propenes have been reported up to now. In the course of their 
studies on the mechanism of electrolysis of fatty acids, Schanzer and Clusius (12) reported 
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the formation of 2-deutero-1-propene from the deuterated isobutyric acid (CH;)2CDCO,D, 
3,3,3-trideutero-l-propene from butyric acid labelled on the terminal carbon atom, 
CD;CH,CH,COOH, and 1,1-dideutero-1-propene from butyric acid labelled in the 
a-methylene group, CH;CH2CD,CO:H. cis-1-Deutero-1-propene was obtained by the 
reduction of 1-deutero-1-propyne (6). 3-Deuteropropene was prepared by the dechlorina- 
tion of 3-chloropropene with zinc and acetic deuteroacid (13). According to McNesby, 
3,3,3-trideuteropropene is formed in significant amount in the reaction between tri- 
deuteromethy! radicals and 1-butene at 325° (14). 

Investigation of the addition of hydrogen and deuterium bromides to allene and 
tetradeuteroallene opened a route to a large number of deuteropropenes. Addition was 
found to take place in accordance with Markovnikov’s rule to give mainly 2-bromo- 
propene even under homolytic conditions, viz. in the presence of dibenzoyl peroxide or 
under ultraviolet illumination. Only very small amounts of the isomeric 3-bromopropene 
were found in the products. This result is unexpected in view of Haszeldine’s (15) obser- 
vation that trifluoromethyl iodide adds to allene homolytically to give CF;CI=CHs. 
However, theoretical considerations indicate 2-bromopropene may be expected since its 
formation involves the intermediate CH.CBr—CH, radical, which would be more stable 
than the alternative CH,BrC—CH,z radical required for the formation{of 3-bromo- 
propene. While this result disrupted a projected route to deuterated allylbromide, it 
opened the way to the wide diversity of deuterated propenes shown in Table I. The 


TABLE I 
Deuterated propenes obtainable from C;H4, C3;D4, and sym-C3;H2D,2 











Halide Addition Debromination 
Olefin added product product 
CH.—C=CH; DBr CH:DCBr=CH, 


CH.DCBr=CH, DBr CH:DCDBrCH,Br CH:DCD=CH, 
CH.DCBr—=CH, HBr CH.DCHBrCH:Br CH.DCH=CH; 
CD.—C=CD, HBr ' CD.HCBr=CD, — 

CD.HCBr=CD, HBr CD.HCHBrCD,Br CD.HCH=CD, 
CD.HCBr=CD, DBr CD:HCDBrCD.Br CD.HCD=CD, 


CD.=C=CD, DBr CD;CBr=CD; —~ 
CD;CBr=CD, DBr CD;CDBrCD.Br CD;CD=CD, 
CD;CBr=CD, HBr CD;CHBrCD,Br CD;CH=CD; 


CHD=C=CHD HBr CH.DCBr—CHD — 
CH.DCBr—CHD HBr CH:DCHBrCH DBr CH:DCH=CHD 
CH:DCBr—CHD DBr CH.:DCDBrCHDBr CH:DCD=CHD 


CHD=C=CHD DBr CHD.CBr—CHD — 


CHD:.CBr—CHD DBr CHD:CDBrCHDBr CHD.CD—CHD 
CHD,CBr—CHD HBr CHD.CHBrCHDBr CHD.CH+=CHD 





synthesis of these compounds was vastly facilitated by the discovery of a method of 
preparing 1,3-dideuteroallene and tetradeuteroallene in one step which was reported 
recently by one of us (2). 

The only deuterated butene reported is a trideuterobutene which is formed by terminal 
addition of CD; radicals to 1-butene (14). Hexadeutero-2-butene was prepared in the 
present work from hexadeuterobutadiene by addition of deuterium iodide followed by 
deiodination of the iodobutene with zinc dust and deuterium oxide. 4,4,4-Trideutero-1- 
butene, CD;CH.2CH=CHe, was prepared by addition of bromotrichloromethane to 
allyl chloride as described by Kharasch (16, 17) followed by dehalogenation of the 
bromochlorobutane formed by treatment with zinc dust and deuterium oxide. Synthesis 
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of the inversely deuterated 1-butene, CH;CD,CD=—CDsz, by this route involved first 
the preparation of deuterated allyl bromide. Unsuccessful attempts to add deuterium 
bromide to allene were delineated above. Consequently, other routes to this intermediate 
were investigated. 

In one of the earliest reports of allylic bromination, a dibromopropylene was obtained 
from propylene and N-bromoacetamide (18). Several attempts were made in the present 
work to brominate propylene to 3-bromopropene by means of N-bromosuccinimide. 
However, as no conditions could be found which gave a yield higher than 10%, this 
approach was abandoned. 

An alternative method is the vapor-phase halogenation of propylene. Whereas there 
are several references to patents on this reaction very few papers have appeared on 
the subject. Actually the only reference to bromination is in a paper by Groll and Hearne 
(19), who reported the preparation of 3-bromopropene in 65% yields or more, based on 
bromine, by employing a high ratio of propylene to bromine. Yields based on propene 
consumed are, however, only 25-30%. Nevertheless this appeared to be the most practical 
way of preparing deuterated allyl bromide. 1,1,2,3,3-Pentadeutero-1-butene was syn- 
thesized from deuterated allyl bromide and methyl magnesium bromide. 
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Fic. 1. Apparatus for preparation of 3-bromo-pentadeuteropropene. 


Of the possible deuterated pentenes only 1,1,1,3-tetradeutero-2-pentene, CD,;CH=— 
CDCH.CHs;, has been reported (20). The facile preparation of hexadeuterobutadiene 
from. hexachlorobutadiene (2) makes it an attractive starting material for the synthesis 
of several deuteropentenes. One of these, CsD10, gives on reduction completely deuterated 
n-pentane, which is a useful solvent for N.M.R. investigations. 

According to Kharasch (17), the homolytic addition of bromotrichloromethane to 
butadiene produces a mixture of bromotrichloropentenes, presumably CC];CH,CHBrCH 
=CH, and CCl;CH2,CH=CHCH,2Br, which are reported to boil about 10° apart. In the 
present work the main product isolated was a compound, b.p. 88 to 90° under 6 mm. Its 
index of refraction was identical with that of one of the isomers reported by Kharasch. 
Attempts to oxidize the pentene to a trichloroacid with permanganate gave an inseparable 
mixture of acids. A capillary film of the compound gave the infrared spectrum shown 
in Fig. 2a. Absorption is consistent with a trans-ethylenic compound. The strong band 
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at 967 cm usually assigned to the C—H out-of-plane bending vibration of the trans- 
ethylenic structure is present. On the other hand the band in the 1640 cm~ region due 
to C=C stretching in vinyl compounds is absent. Furthermore, there are no bands in 
the 995-985 cm and 910-905 cm regions characteristic of C—H out-of-plane bending 
vibrations in vinyl compounds. The compound is therefore trans-5,5,5-trichloro-1-bromo- 
2-pentene. The two bands at 765 cm and 700 cm~ are attributed to the C—Cl vibration 
in the trichloromethyl group. The strong band at 1205cm™ could not be positively 
identified. From a comparison with the spectrum of the deuterated chlorobromopentene 
(Fig. 2b) prepared in the same manner from hexadeuterobutadiene it was possible to assign 
several bands of medium to low intensity to —C—-C— skeletal vibrations. Absorption 
at 937, 1025, 1065, 1083, and 1140 cm is probably of this type. 

Owing to the enhanced activity of the bromine atom in the allylic position it was 
found possible to dehalogenate the halide selectively to a trichloropentene. Oxidation 
of the latter gave formic acid and a trichlorobutyric acid identical with 4,4,4-trichloro- 
butyric acid prepared by Bruson (21) by a different method. Apparently the trichloro- 
pentene was predominantly the l-isomer, CCl;CH2CHs,CH=CHs. An examination of 
the infrared spectrum of the compound confirmed this structure (Fig. 3a). A band of 
medium intensity now appears at 1650 cm~! and two other strong bands characteristic 
of a vinyl grouping appear at 990 and 910 cm~. However, the band at 967 cm~ attri- 
buted to trans-ethylenic compounds persists. The compound therefore contains some 
of the 2-pentene. It seems that an allylic rearrangement of the bromine atom has taken 
place during the dehalogenation. 

Complete dehalogenation of the compound gave an olefin whose infrared spectrum 
indicated it was a mixture of the l- and 2-pentenes (Fig. 3b). From the intensity of the 
bands in the 1640 cm and 1000-900 cm regions it appears to contain mainly 1-pentene. 
The presence of a slight peak at 967 cm~ indicates the presence also of the 2-isomer. 

By dehalogenating in the appropriate medium it is obviously possible to prepare 
pentenes deuterated only in the methyl group or only in the rest of the chain, namely 
CD;CH,CH,.CH=CH, or CH;CD.CD,CD=CDz. From earlier unpublished studies in 
this laboratory on catalytic reduction with deuterium it should be possible to reduce 
these compounds to labelled pentanes without concomitant exchange. 


EXPERIMENTAL 

Hydrogen Bromide 

The apparatus consisted of a magnetic stirring bar in a 250-ml round-bottomed flask 
equipped with a separatory funnel and reflux condenser to which were connected a U 
tube containing moist phosphorus and a spiral trap of 25-ml capacity cooled to —78° 
in dry ice and acetone. A drying tube filled with Drierite was attached to the outlet of 
the spiral trap. Hydrogen bromide was generated by adding 10.0 ml (31.2 g) of bromine 
dropwise over a period of 2 hours to a stirred, boiling suspension of 7.0 g of red phos- 
phorus and 6.0 ml of water in 150 ml of carbon tetrachloride. The yield of anhydrous 
hydrogen bromide was 16.0 ml (34.0 g), ie. nearly quantitative. 


Deuterium Bromide 


To ensure a product of high deuterium content it is essential to employ dry carbon 
tetrachloride and dry bromine. The phosphorus must also be freed of traces of phosphoric 
acid by stirring it with 10% aqueous sodium hydroxide, filtering the suspension, and 
drying the product in a vacuum desiccator. The yield of deuterium bromide was quanti- 


tative. 
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Hydrogen (or Deuterium) Iodide 
In this case water (6.0 ml) or deuterium oxide was added dunguden to a suspension 
of 7 g of phosphorus in a solution of 50 g of iodine in 150 ml of carbon tetrachloride. 


1-Bromo-2-chloro-2-deuteroethane, CH2BrCHDCl 

The addition of deuterium bromide to vinyl chloride was carried out in a 500-ml 
round-bottomed quartz flask connected by a “‘cold finger’’ condenser to a vacuum line 
fitted with the necessary stopcocks and traps. After the apparatus was evacuated, vinyl 
chloride (5.5 ml) was condensed from a cylinder into a graduated tube and distilled 
into the quartz flask by placing chips of dry ice in the condenser. While the quartz flask 
was irradiated with light from a Hanovia lamp, deuterium bromide from another trap 
was distilled in small fractions into the quartz flask where it reacted rapidly to form 
the bromochloroethane. When addition was complete as indicated by the manometer, 
the excess deuterium bromide was distilled off into the exhaust trap and the product 
purified by distillation in a Vigreux column. The yield of pure bromochloroethane, b.p. 
105-105.5°, mp” 1.4896 was 14.5 g (90% of the theoretical amount). 


1-Bromo-2-chloro-2,2-dideuteroethane, CHsBrCD,Cl 

Deuterium bromide (6.0 ml; 18.0 g) reacted in the same manner with 1-chloro-1- 
deuteroethene (11.0 g) prepared as described in reference 11. The yield of product, 
b.p.. 105°, mp" 1.4862 was 13.7 ml (22.7 g, 72% of the theoretical amount). 


Trideuterovinyl Bromide, CD,—CDBr 

To 17.0 g of pulverized potassium hydroxide in a 250-ml round-bottomed flask equipped 
with a heating mantle, a separatory funnel, and an air-cooled condenser leading to a 
spiral trap cooled in dry ice and acetone, there was added 27.0 g of 1,2-dibromo-tetra- 
deuteroethane dropwise during heating of the alkali. Reaction was immediate. Tri- 
deuterovinyl bromide in the apparatus at the end of the reaction was swept into the 
spiral trap by a current of nitrogen. The yield of product was 6.3 ml (11.3 g) measured 
at —78° (73% of the theoretical amount). 


1,2-Dibromo-1,1,2-trideuteroethane, CD2,BrCHDBr 

The addition of hydrogen bromide to the vinyl bromide was carried out as already 
described above. The yield of product, mp” 1.5370, from 11.3 ml of trideuterovinyl bromide 
and 8.2 g of hydrogen bromide was 8.1 ml (17.9 g) i.e. nearly quantitative. For normal 
1,2-dibromoethane, mp” is 1.5380. 


Monodeuteroethylene 

The dehalogenation of 1-bromo-2-chloro-2-deuteroethane was carried out as described 
previously with zinc dust in dioxane (4). The yield of monodeuteroethylene was nearly 
quantitative. Mass analysis, 96.0% C2H;D. 


1,1-Dideuteroethylene 
1-Bromo-2-chloro-2,2-dideuteroethane was dehalogenated as reported previously (4) 
in nearly quantitative yield. Mass analysis, 97.4 mole% C2H:D. 


Trideuteroethylene 
1,2-Dibromo-1,1,2-trideuteroethane was dehalogenated as reported previously (4) in 
nearly quantitative yield. Mass analysis, 70% C:D;H, 11.8% C2H2D2, 9.4% C:HsD. 
The low deuterium content was due to the presence of CH,BrCD,.Br in the dibromo- 
ethane employed to prepare the vinyl compound. 
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Propadiene-1 ,3 
1,2-Dibromo-2-propene was debrominated with zinc dust in ethanol as described in 
reference 4. 


Tetradeutero-1 ,3-propadiene 
Hexachloropropene was dehalogenated with zinc dust in dioxane — deuterium oxide as 
described in reference 2. 


Addition of Hydrogen Bromide to Propadiene 

The preparation of 2-bromopropene and 1,2-dibromopropane to be described is typical 
of all the addition reactions carried out in this work between hydrogen or deuterium 
bromide and propadiene or deuteropropadiene. To facilitate manipulation all transfers 
of gases were made in an evacuated system. 

Propadiene (7.0 g; 0.18 mole) was condensed from a gas holder or distilled from a 
trap into a 500-ml round-bottomed quartz flask attached to the end of the vacuum 
line by means of a cold finger condenser. The flask was immersed in a bath of dry ice 
and acetone at —78°. On irradiation of the flask with ultraviolet light at room temperature, 
reaction with hydrogen bromide was rapid as indicated by the rise in the manometer. 

The product was placed in a separatory funnel immersed in ice-cold water and washed 
with aqueous sodium bicarbonate. Distillation in a Vigreux column gave mainly 2-bromo- 
propene, b.p. 47.5-48.5°. Yield: 10.5 g (50%). The temperature then rose rapidly to the 
boiling point of 1,2-dibromopropane. The amount of 3-bromopropene formed was 
apparently very small. 

Addition of two moles of hydrogen bromide in this manner gave nearly quantitative 
yields of 1,2-dibromopropane. 

By varying the order of addition of hydrogen and deuterium bromide the deuterated 
2-bromopropenes and 1,2-dibromopropanes shown in Table I were readily obtained. 
The series of compounds obtainable from 1,3-dideuteropropadiene, CHD—C—CHD, 
also shown in the table was not actually prepared in this work but the same procedure 
obviously applies. 


Debromination of the 1,2-Dibromopropanes 

The deuterated propylenes | to VII in Table I were prepared by dehalogenation of 
the halides with zinc dust in ethanol essentially as described in reference 4. 

The purity of the compounds was determined by mass analysis and found to be of the 
order of 97%. 


1-Iodo-4-deutero-2-butene, CH21CH=CHCH,2D 

This halide was prepared by the addition of deuterium iodide to butadiene in the 
apparatus used to prepare the deuterated bromopropenes. Butadiene (21.0 ml; 12.6 g; 
0.23 mole) was condensed from a cylinder attached to the vacuum line into a graduated 
trap to measure its volume at — 25°, and distilled from there into a 500-ml round-bottomed 
flask connected at the end of the line by a cold finger condenser. To the frozen butadiene 
was added 0.5 to 0.75 ml of deuterium iodide condensed in a trap on the line. When 
the mixture melted rapid reaction occurred. The butadiene was frozen again and more 
deuterium iodide was introduced until a total of 12 ml had been added. When the tem- 
perature of the mixture rose much above —78° some iodine was liberated. The iodo- 
butene was distilled into a trap from the reaction flask. The yield was 28.0 g (75%). 
Owing to the intense lachrymatory action of the compound the index of refraction was 
not determined. 
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1,4-Dideutero-2-butene, CH2 .CH=CHCH,D 

In a 250-ml three-necked round-bottomed flask fitted with a separatory funnel, thermom- 
eter, and reflux condenser to which was connected a spiral trap cooled to —78° in dry 
ice and acetone, 28 g of 1-iodo-2-deutero-2-butene was added slowly to a stirred suspension 
of 20.0 g of zinc dust in a boiling solution of 5.5 g of deuterium oxide in 150 ml of 
anhydrous dioxane. The yield of liquid butene in the trap amounted to 5.4 g measured 
at —78° (60% of the theoretical). Mass analysis gave ambiguous results but by analogy 
with the analyses of octadeuterobutene given below the deuterium content of the butene 
was about 97%. 

Dechlorination of 1,4-dichloro-2-butene regenerates butadiene instead of giving 
2-butene. It is therefore impossible to prepare dideuterobutene by this method. 


1-Iodo-he ptadeutero-2-butene, CD2ICD—CDCD; 

This compound was prepared by addition of deuterium iodide to hexadeuterobutadiene 
as described above. The hexadeuterobutadiene was prepared from hexachlorobutadiene as 
described in reference 2. From 9.2 ml of the liquid diene and 5.0 ml of liquid deuterium 
iodide there was obtained 8.6 g (48%) of iodobutene, mp” 1.5239. 

By addition of hydrogen iodide to hexadeuterobutadiene, 1-iodo-1,1,2,3,4,4-hexadeutero- 
2-butene would result. 
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Octadeutero-2-butene 

1-lodo-2-heptadeuterobutene was deiodinated as described above with zinc dust and 
deuterium oxide. Yield: 55%. Mass analysis: 73 mole% CyDs and 26% C,4D;H or 
97 atom%. 


Deiodination with zinc dust in water would of course lead to CD,HCD—=CDCD:;. 


4,4,4-Trideutero-1-butene, CD;CH,CH==-CH, 

This deuterobutene was prepared by the dehalogenation of 1,1,1,4-tetrachloro-3- 
bromobutane. The latter was synthesized from allyl chloride and bromotrichloromethane 
by the method of Kharasch, Reinmuth, and Urry (16). 

To a mixture of 20 g of zinc dust, 40 ml of anhydrous dioxane and 5.0 ml of deuterium 
oxide in a 100-ml round-bottomed flask fitted with a reflux condenser to which was 
attached a trap cooled to —78° in dry ice and acetone, there was added with stirring 
and heating 5.0 ml (9.0 g) of 1,1,1,4-tetrachloro-3-bromobutane. After 5 hours’ heating 
under reflux, 3.2 ml (90%) of butene had condensed in the trap. The: vapor pressure of 
several fractions collected at —30° was constant. 


3-Bromopropene, CH2BrCH==CHag, and 3-Bromopentadeuteropropene, CD2,BrCD—=CD, 

(a) By Bromination of Propylene with N-Bromosuccinimide 

In a pressure bottle ordinarily used for low-pressure hydrogenations 150 ml of methylene 
chloride, 17.4 g (0.1 mole) of N-bromosuccinimide, and 2.0 g of dibenzoylperoxide were 
heated under three atmospheres of propylene. The bottle was wrapped in glass heating 
tape and heated to 90°. After 3 hours’ heating and shaking the reaction mixture was 
worked up. Methylene chloride was distilled off in a Vigreux column and the residue 
fractionated on the vacuum line; the index of refraction of the residue, mp” 1.4360, was 
only slightly higher than that of pure methylene chloride (lit. mp*° 1.4320). 

When carbon tetrachloride was used instead of methylene chloride propylene reacted 
preferentially with it under the influence of peroxide to give what appeared to be the 
tetrachlorobutane, CCl;CH2CHCICH3;. From the excess CCl, removed by distillation 
a small amount of the isothiourea picrate of 3-bromopropene, m.p. 153° (lit. 155°), was 
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obtained by means of thiourea and picric acid. The yield was, however, very low. In 
any event the use of carbon tetrachloride as a solvent is not practical because it boils 
very close to 3-bromopropene. 

An experiment was carried out with propylene, peroxide, and N-bromosuccinimide in 
a sealed tube heated to 100° C. After 3 hours’ heating the solid had melted and turned 
dark. A product was isolated which had b.p. 131°, mp** 1.5160, the physical constants of 
1,2-dibromoethane. At this stage further experiments with N-bromosuccinimide were 
abandoned. 

(b) By Bromination of Propylene at 350° 

The bromination of propene and hexadeuteropropene was carried out in the apparatus 
illustrated in Fig. 1. The reactor was made from a piece of glass tubing about 1 m long 
and 2.5mm in diameter. Hexadeuteropropene was introduced at B from a gasholder 
and metered in the flowmeter C. Bromine was added at a constant rate from funnel A 
through a needle valve and capillary E. J was a scrubbing tower 12 in. high and 1 in. in 
diameter filled with glass beads. Water was added through funnel I to wash the effluent 
gases free of deuterium bromide. The washings were collected with a portion of the 
product in H. Unreacted deuteropropene, which was always used in excess to reduce 
additive bromination, was condensed along with the deutero-3-bromopropene in the 
spiral traps K and L, which were cooled in dry ice and acetone to —78°. 

At the start of a run the furnace D was heated to 350-375°, the temperature being 
measured by means of the thermocouple F inserted in the well. Hexadeuteropropene 
(9.0 1.) and bromine (10.0 ml; 0.19 mole) were added at such a rate that a run was 
completed in 1} to 1} hours. The actual rate was determined by making several trial 
runs with ordinary propene. The apparatus was flushed with nitrogen at the end. The 
dark oily liquid in H was drawn off through the capillary and fractionated on. the vacuum 
line. About 1.5 ml of deuterated-3-bromopropene were distilled off leaving a residue of 
undetermined composition which was probably a mixture of polybrominated com- 
pounds. Unreacted deuteropropene was redistilled at —40°, from the traps K and L 
back into the gas holder to be reused. Residual deuterated 3-bromopropene in traps K 
and L was combined with the product recovered from the oil and fractionated on the 
vacuum line. The yield of 3-bromopentadeuteropropene was generally 8.5 to 10.0 g per 
run. The product from several runs was combined and fractionated in a column with a 
whirling band. The fraction, b.p. 66.5°, was collected. An infrared spectrum of this 
material measured in the vapor phase showed only traces of absorption in the C—H 
stretching region of the spectrum. 

Although the yield was only 25-30% per run and the synthesis has disadvantages 
from other points of view, it appears to be the only practical way to obtain deuterated 
3-bromopropene at present. 


1,1,2,3,3-Pentadeutero-1-butene, CD.2=CDCD.2CH; 

Methylmagnesium bromide was prepared in the usual manner from 1.2 g of magnesium 
turnings and 7.1 g of methyl iodide in 25 ml of n-dibutyl ether. After attaching a spiral 
trap cooled to —78° in dry ice and acetone to the reflux condenser, 3-bromopentadeutero- 
propene (6.0 g; 0.05 mole) was added slowly to the Grignard reagent. Residual butene 
in the apparatus at the end was flushed out by a slow stream of nitrogen. The deuterated 
butene was freed of traces of ether by distillation on the vacuum line from a bath at 
— 30°. The yield was 1.5 ml (50% of the theoretical). Mass analysis, 84 mole% C,D;H; 
and 12.8 mole% C4D,4H, or 90.4 atom%. 
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5,5,5-Trichloro-1-bromo-2-pentene, CCl; CH2-CH=CHCH,Br 

Redistilled bromotrichloromethane (150 ml) was placed in a 500-ml quartz flask 
attached through a cold finger condenser to the vacuum line. The system was evacuated 
and butadiene from a cylinder was condensed in a trap on the line until the volume of 
liquid was 30 ml. When dry ice was placed in the finger of the condenser the butadiene 
distilled into the bromotrichloromethane. The quartz flask was irradiated with ultraviolet 
light for 5 to 6 hours. Excess halomethane was distilled off into a trap on the vacuum 
line. The residue was distilled under reduced pressure through a Vigreux column at a 
reflux ratio of 10:1. After a small fraction (4.0 ml) was collected at 84—97° at 8 mm pressure, 
the product came over at 97—98° at 8 mm. Yield: 89.5 g, mp”* 1.5320, mp” 1.5351. Kharasch 
(16) gives mp” 1.5349 for a fraction, b.p. 84° at 1.5 mm. 

The absorption bands in the infrared spectrum of the compound confirm the structure 
of a trans-substituted olefin (Fig. 2a). It would seem that only very small amounts, if any, 
of the isomeric halopentene are formed by 1,2-addition. 


5,5,5-Trichloro-1-pentene, CH2>=CHCH2CH:CCl; 

The selective dehalogenation of the bromotrichloropentene was carried out by adding 
zinc dust in portions to a stirred solution of the halide (23.5 g; 0.15 mole) in 25 ml of 
methanol kept at room temperature by immersion in a water bath. After 4 hours’ stirring 
the reaction mixture was filtered with suction from excess zinc and the filtrate was 
poured into water. Acetic acid was added to dissolve basic zinc salts and the oil was taken 
up in ether. After the solution was dried over potassium carbonate, the ether was dis- 
tilled off. The residue was distilled under reduced pressure in a Vigreux column at a 
reflux ratio of 10 to 1. After collecting the main faction at 64-65° at 40 mm the boiling 
point rose rapidly to 100°, and then to the boiling point of bromotrichloropentene. The 
yield of product was 6.1 g (60% based on the recovered halide), mp?* 1.4648. Anal: 
Calc. for CsH7Cl;: Cl, 61.38%. Found: Cl, 61.10%. 

A second run starting with 65g of bromotrichloropentene gave 17.0 g of product, 
b.p. 78-80° at 90 mm, mp" 1.4650. 

The infrared absorption spectrum of the compound indicates it is predominantly 
trichloro-1-pentene (Fig. 3a). 


4,4,4-Trichlorobutyric Acid, CCl;CH:sCH,COOH 

The trichloropentene (3.7 g) was added to a stirred solution of 5% aqueous potassium 
permanganate. Further amounts of permanganate solution were added until no further 
decolorization took place; a total of 250 ml of oxidizing agent was required. The man- 
ganese dioxide was filtered off and the filtrate was evaporated to dryness. The residue was 
acidified with 6 N H2SO, and extracted several times with ether. Distillation of the 
ether left a residue which was dried by pumping off volatile material into a trap on the 
vacuum line. With aqueous silver nitrate the material in the trap gave a thick white 
precipitate which rapidly decomposed to metallic silver. This behavior is characteristic 
of silver formate; indeed sodium formate gave the same unstable precipitate with silver 
nitrate. Since formic acid is only produced in the oxidation of olefins of the type 
R—CH=CH,, a strong presumption exists that there is a terminal double bond in the 
trichloropentene. 

The residue obtained after pumping off the formic acid was recrystallized from pentene 
after decolorizing the solution with Norite. On cooling, white crystals separated which 
melted at 49-50°. Recrystallization from water gave an acid, m.p. 53-54°; 0.686 g of 
this product required 3.3 ml of N/10 alkali for neutralization. Neutralization equivalent: 
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208. The calculated neutralization equivalent for C,H sO2Cl3, H2O is 209.5. Bruson (21) 
reported that 4,4,4-trichlorobutyric acid prepared from acrylonitrile melts at 55°. The 
second oxidation product of trichloropentene is therefore 4,4,4-trichlorobutyric acid. The 
trichloropentene must evidently be very largely the 1-butene. Since the yields on oxida- 
tion are far from quantitative one cannot say with certainty there is none of the 2-isomer. 


1-Pentene 

trans-5,5,5-Trichloro-1-bromo-2-pentene (6.0 g; 0.025 mole) was added dropwise to a 
stirred suspension of zinc dust (10.0 g) in acetic acid (30 ml) in a flask attached to a 
vacuum line through a reflux condenser. Evolved gas was collected in a trap cooled with 
dry ice and acetone to —78° C. The halide reacted vigorously; stirring was continued 
for an hour after addition of the halide had been completed. The liquid in the trap was 
fractionated on the vacuum line and yielded 1.6 ml (65%, measured at 0°) of liquid 
which was predominantly 1-pentene but also contained some of the 2-isomer. 


5,5,5-Trichloro-1-bromo-hexadeutero-2-pentene, CCl; CD2CD—CDCD,Br 
Hexadeuterobutadiene was prepared from hexachlorobutadiene as described in reference 
2. From 7.9 g of butadiene, 30.7 g (93%) of addition product, mp*® 1.5330, were obtained. 


Decadeutero-1-pentene 

The halide was dehalogenated as described for the normal compound using a solution 
of 6.6 g of deuterium oxide in 35 ml of anhydrous dioxane (previously distilled over 
sodium) instead of acetic acid. The yields were similar. An N.M.R. spectrum showed 
no signals for hydrogen. The compound is therefore useful as a solvent for substances 
to be examined by N.M.R. 

From the dioxane solution there was obtained in addition to the deuteropentene a 
small amount (0.1 ml) of by-product with a vapor pressure of only 3 mm at room tem- 
perature and an index of refraction 1.4470. This is thought to be a decadiene produced 
by doubling of the C; chain. 
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A WATER-SOLUBLE GALACTOMANNAN FROM 
COCONUT (COCOS NUCIFERA) 


PART I. METHYLATION STUDIES! 


C. V. N. Rao, D. CHoupHuRY, AND P. BAGcHI 


ABSTRACT 


A water-soluble polysaccharide isolated from the kernel of coconut (Cocos nucifera) had 
{a]p —85° and contained pD-galactose (1 mole) and D-mannose (2 moles). Methylation and 
hydrolysis yielded 2,3,4,6-tetra-O-methyl-D-mannose (0.51 mole); 2,3,4,6-tetra-O-methyl-p- 
galactose (0.5 mole) ; 2,3,6-tri-O-methyl-D-mannose (5.52 moles) ; 2,3,6-tri-O-methyl-p-galactose 
(1.51 moles) ; and a di-O-methy]-D-galactose (1 mole). These data agree with those of periodate 
oxidation. The structural significance of these results is discussed. 


The kernel of coconut (Cocos nucifera), a tree which is generally found in coastal 
regions of India and south-east Asia is a popular food. The kernel is soft when the fruit 
is young and becomes hard when old. Although much work has been done on the oil 
(1) extracted from the kernel, copra (2), the liquid (3) within the shell, and other parts 
of the fruit such as the coir (4) etc., the polysaccharide in the kernel does not appear 
to have been investigated. 

This paper deals with the studies on the polysaccharide precipitated from the aqueous 
extract of the kernel with ethanol. Hydrolysis of the polysaccharide [a]p”* —85° (in 4% 
sodium hydroxide solution) gave D-galactose and D-mannose in the proportion 1:2 as 
revealed by chromatographic analysis (5). Traces of arabinose were also formed. Puri- 
fication of the polysaccharide via the copper complex (6) removed the arabinose-contain- 
ing impurities as well as traces of uronides, and hydrolysis showed that the galactose: 
mannose ratio was the same as before. 

The galactomannan was methylated first by methyl sulphate and sodium hydroxide 
and then by Purdie’s method. The resulting methylated galactomannan, which showed 
no hydroxy! band at 3500-3600 cm! in I.R. spectrum, was light yellow in color and had 
[alp +25° in chloroform. After methanolysis of the methylated polysaccharide and 
hydrolysis of the methyl glycosides the mixture of methylated sugars was resolved on 
a cellulose column (7) using butanone—water azeotrope (8) as eluant. 

From the results of the column chromatography the mixture was found to consist of 
2,3,4,6-tetra-O-methyl-D-mannose (0.51 mole), 2,3,4,6-tetra-O-methyl-D-galactose (0.5 
mole), 2,3,6-tri-O-methyl-D-mannose (5.52 moles), 2,3,6-tri-O-methyl-p-galactose (1.51 
moles), and a di-O-methyl-galactose (1 mole). The proportions of the above sugars were 
determined in a separate experiment using alkaline hypoiodite method (9). It will be 
evident from the above results that the proportion of tetra-:tri-:di-O-methyl sugars is 
as 1:7:1 indicating that the polysaccharide possesses a highly branched structure and 
that the average repeating unit consists of about 9 hexose residues. 

The two tetra-O-methyl sugars were separated on filter papers. The 2,3,4,6-tetra-O- 
methyl-p-mannose obtained as sirup after elution and evaporation, having [a]p*® +3° 
in water, was characterized as N-phenyl-2,3,4,6-tetra-O-methyl-D-mannosylamine, m.p. 
and mixed m.p. 142°, [a]p*® —8°. The 2,3,4,6-tetra-O-methyl-p-galactose ([a]p*® +110° 


1Manuscript received September 29, 1960. . a) ; 
Contribution from the Department of Macromolecules, Indian Association for the Cultivation of Science, 
Calcutta 32, India. 
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in water) was characterized as its anilide, m.p. and mixed m.p. 187-188°, [a]p** —40° 
in acetone. 

The 2,3,6-tri-O-methyl-D-mannose obtained as a sirup ([a]p*® —9° in water) was 
characterized through its crystalline 1,4-di-p-nitrobenzoate whereas the 2,3,6-tri-O- 
methyl-p-galactose having specific rotation +89° (in water) was identified as the corre- 
sponding gamma lactone. 

The dimethyl sugar fraction on demethylation was found to contain only galactose 
and was chromatographically homogeneous. No anilide could be prepared and its 
Renamnose Value (10) in paper chromatography differed from those of the known isomers. 
From these results it is tentatively assumed that the dimethyl sugar is 3,6-di-O-methy] 
galactose. 

The identification of the hydrolysis products of the methylated polysaccharide enables 
the general structural features of the polysaccharide to be deduced. The demonstration 
of the presence of the 2,3,4,6-tetra-O-methyl derivatives of p-galactose and D-mannose 
shows that the terminal non-reducing ends in the polysaccharide consist of pyranose 
units of D-galactose and D-mannose in equal proportions. 

The characterization of the 2,3,6-tri-O-methyl derivatives of the pD-galactose and 
D-mannose indicates that the components arise from 1 — 4 linked residues of D-galactose 
and D-mannose of the pyranose type. 

The unidentified di-O-methyl derivative of D-galactose shows that the branching in 
the molecule occurs at certain of the units of D-galactose in the main chain. If the methyl- 
ated galactose derivative is 3,6-di-O-methyl-p-galactose then branching could occur at 
either C, or Cy. The ratio of the number of non-reducing terminal groups to branching 
units is about 1:1 as required by theory. 

The. methylation data indicating a ratio of terminal to non-terminal units of 1:8 is 
supported by the finding that during periodate oxidation 1 molar proportion of formic 
acid is liberated for every 8 hexose units and that the periodate consumption is 1.03 
moles per hexose unit. The periodate-oxidized polysaccharide, on reduction and hydrolysis 
gave glycerol, erythritol, threitol, and D-galactose in a molar ratio of 1:6.8:1.9:0.9. These 
compounds were characterized as crystalline derivatives and the amounts obtained were 
in reasonable agreement with the amounts of O-methyl ethers arising from the same 
structural units. Thus the glycerol represented non-reducing terminal units (1.01 moles 
from methylation); threitol arose from 1 — 4 linked pD-galactose units (1.51 moles by 
methylation) ; erythritol came from 1 > 4 linked D-mannose units (5.52 moles by methyla- 
tion); and p-galactose must have represented branch points (1.0 mole by methylation). 
Demonstration of the presence of D-galactose in the hydrolysis product of periodate- 
oxidized galactomannan definitely shows that the branch units are not linked through 
C, of galactose moiety. The implication of this fact is that the di-O-methyl sugar men- 
tioned previously is in all probability 3,6-di-O-methyl-p-galactose. More definite evidence 
in favor of its structure will be supplied in a subsequent communication. 

The polysaccharide, whose methylated derivative has a moleculer weight of 1.25105, 
as determined by light scattering, appears to be linked largely by §8-linkage since the 
polysaccharide displays a negative specific rotation. 

The constitutional studies of the galactomannans have shown that all of them possess 
a 1 — 4 linked p-mannopyranose backbone and to C, of certain of these mannose units 
are attached side chains terminated by pD-galactose units (10a). The galactomannan 
from coconut kernel differs from these in having 1 — 4 linked p-galactose units and with 
branches being located on D-galactose rather than D-mannose residues. 
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EXPERIMENTAL 
Methods 
The following solvents were used for partition chromatography: 
(A) ethyl acetate: pyridine: water (8:2:1), 
(B) n-butanol:acetic acid: water (4:1:5), upper layer, 
(C) n-butanol: pyridine: benzene:water (5:3:1:3), upper layer, 
(D) n-butanol:ethanol:water (40:11:19), 
(E) butanone-water azeotrope, 
(F) n-butanol:ethanol:water (4:1:5), upper layer. 
Spray reagents were: 
(a) saturated solution of aniline oxalate (11), 
(6) aniline phthalate in n-butanol saturated with water, 
(c) 3% solution of p-anisidine hydrochloride in n-butanol, and 
(d) ammoniacal silver nitrate. 
Unless otherwise stated all evaporations were carried out in vacuo at 30-40°. All the 
optical rotations given are at equilibrium. 


Isolation and Purification of the Polysaccharide 

The kernel of the green coconut obtained from the market was peeled. The outer 
hard brown layer, which was found to contain large amounts of lignin, was carefully 
reméved. The white kernel was sliced and macerated in a high speed ‘‘Kenmix 55” 
blender for 5 minutes in ethanol. The resulting mass was kept under ethanol for 2 hours, 
filtered, and freed from alcohol by squeezing. This was dried over a water bath at 60°. 
The material gave a positive test for the presence of nitrogen. The oil in the material 
was removed by Soxhlet extraction for 24 hours with a mixture of benzene and ethanol 
(2:1). The dried material gave a negative test for nitrogen. 

The crude material (100 g) was soaked with 2 liters of water in a round-bottomed 
flask for 2 hours. The flask was then heated on a water bath for 5 hours at 90° with 
stirring. The slurry obtained was kept overnight and squeezed through fine cloth. The 
extraction was repeated for the second time, but heated for 2 hours only. The combined 
extracts were passed through Sharples super centrifuge (at a speed of 25,000 to 30,000 
r.p.m.) for clarification. It was then acidified to pH 4 to 5 with acetic acid and added to 
twice its volume of 95% ethanol dropwise, when the polysaccharide precipitated in the 
form of long fibers. The polysaccharide was separated by filtration of the mixture through 
a fine cloth and was kept overnight under absolute alcohol. It was triturated four times 
with absolute alcohol, washed with ether, and finally dried in vacuo at 40°. The yield 
was 7 g; ash 0.35%, lignin (12, p. 369 (after Klason’s method)) 0.7%, pentosan (12, p. 
381 (A. W. Schorger’s method)) 1.68%, uronic acid (12, p. 391 (uronic acid estimation) ) 
2.14%, methoxyl 0.46%; [a]lp??> —85° in 4% sodium hydroxide solution (c, 1); intrinsic 
viscosity, 1.13 (dl/g) in 4% sodium hydroxide solution. D-Galactose, D-mannose, and 
traces of L-arabinose were detected by paper chromatography using solvents A, B, and 
C, after hydrolysis. The amounts of D-galactose and D-mannose were determined by 
separating the hydrolyzate on a paper chromatogram, using solvent A, followed by 
elution in the usual way and. estimation by the periodate method (5). The ratio of 
D-galactose to D-mannose was found to be 1:2, L-arabinose being present in insignificant 
amount. 

The crude polysaccharide was purified by complexing with Fehling’s solution (6). 

The polysaccharide (10g) was dissolved in 4% sodium hydroxide (500 ml) in an 
atmosphere of nitrogen and freshly prepared Fehling’s solution (250 ml) was added. The 
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precipitate was removed by centrifuging, washed with water, and stirred with 0.5 NV 
hydrochloric acid (700 ml) at 0° for 4 hours. The resulting solution was poured into 
ethanol (1400 ml) and the precipitate was washed with 0.1 N hydrochloric acid in a 
mixture of acetone and water (6:4). The material was finally dried after washing with 
methanol. The copper complex purification step was repeated once again. Yield 6g; 
[a]p??> —89° 4% sodium hydroxide solution. Hydrolysis of the polysaccharide as before 
gave a mixture of D-galactose (1 part) and D-mannose (2 parts). L-Arabinose and uronic 
acid were not present. 


Hydrolysis and Identification of D-Galactose and D- Mannose 

The polysaccharide (2g) was kept with 72% sulphuric acid (13, 14), (25°) overnight 
and made up to a normal solution with respect to sulphuric acid by cautious dilution (to 
avoid reprecipitation) with water. The solution was heated for 10 hours in boiling water 
bath, when the hydrolysis, which was followed iodometrically (15), was found to be 
complete. 

The solution was neutralized with barium carbonate, filtered, and passed through 
Amberlite IR-120 (H)* and Amberlite IR-45 (OH).* After concentration the sirup 
containing 200 mg of the hydrolyzate was spread on Whatman No. 3 MM filter paper 
over a length of 12 cm. The mixture was separated by solvent A. The strips corresponding 
to D-galactose and D-mannose were eluted with water (20 ml). The eluents were evaporated 
to yield sirups. 

p-Galactose [a]p*® +80° in water (c, 1), 
D-mannose [a]p*® +14° in water (c, 1). 

The D-galactose and D-mannose components were each treated with p-nitroaniline in 
acidified methanol (16). The galactose components afforded N-p-nitrophenyl-p-galacto- 
sylamine, m.p. and mixed m.p. 217-—218°, [a]p?® —247° in dry pyridine (c, 0.5), lit. 
— 248° (16), and D-mannose component gave N-p-nitrophenyl-D-mannosylamine, m.p. 
and mixed m.p. 217—218°, [a]p?®> —326° in dry pyridine (c, 1), lit. —325° (16). 


Methylation of Galactomannan 

The galactomannan (5 g) was methylated according to the method adopted by Adams 
(17). The product (2.75 g) was treated with silver oxide and methyl iodide in the usual 
manner to give the methylated polysaccharide (2.24 g), [a]p?® +25° in chloroform (c, 1). 
(Anal. Calc. for CgHig03: OCH, 44.7. Found: OCH;, 43.7.) The methylated polysac- 
charide showed no hydroxyl absorption band in the infrared. Intrinsic viscosity 0.36 
(dl/g) in chloroform. 

The molecular weight of the methylated galactomannan was determined by the light- 
scattering method using a Brice-phoenix photometer (Model OM 1000 A) using semi- 
octagonal cells. The concentration used was over a range of (1-4) XK10-* g/ml. The 
molecular weight was found to be 1.25 X 10° calculated by the dissymmetry method (18). 


Methanolysis and Hydrolysis of the Methylated Galactomannan 

A solution of methylated galactomannan (0.5 g) in 5% methanolic hydrogen chloride 
(40 ml) was refluxed till the rotation reached a constant value (16 hours). The solution 
was evaporated to a sirup under reduced pressure, N hydrochloric acid (40 ml) was 
added, and the mixture was refluxed for 14 hours when the rotation reached a constant 
value. The solution was cooled, neutralized with silver carbonate, and filtered. The 
resulting solution was deionized by passage through Amberlite IR-120 (H) and Amber- 
lite IR-45 (OH). The solution was evaporated to a thin sirup. 


*A product of Rohm and Hass Company, Pennsylvania, U.S.A. 
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Upon paper chromatographic analysis of the mixture using solvent D and a saturated 
solution of aniline oxalate in water as spray reagent the following spots were identified: 


Spot No. Re 
1 .96 2,3,4,6-tetra-O-methyl-D-mannose, 
2 91 2,3,4,6-tetra-O-methyl-pD-galactose, 
3 .82 2,3,6-tri-O-methyl-D-mannose, 
4 .74 2,3,6-tri-O-methyl-p-galactose, 
5 .53 di-O-methyl-p-galactose. 


(Rg values are with reference to 2,3,4,6-tetra-O-methyl-p-glucose. ) 


Separation of Mixture of Methylated Sugars by Column Chromatography 
The mixture of methylated sugars (ca. 300 mg) was separated on a cellulose column 
(7) using solvent E (8). The results are given below. 











TABLE I 
Yield Methoxyl 
Tube No. (mg) (%) Components 
14 and 15 31.2 §2.5 2,3,4,6-Tetra-O-methyl-D-mannose and 2,3,4,6-tetra-O-methyl-p- 
galactose 
16 69.2 41.2 2,3,6-Tri-O-methyl-D-mannose 
17 80.7 41.6 2,3,6-Tri-O-methyl-D-mannose and 2,3,6-tri-O-methyl-p-galactose 
18 and 19 35.1 41.9 2,3,6-Tri-O-methyl-p-galactose 
21 and 24 30.1 29.7 Di-O-methyl-D-galactose 





Identification of 2,3,4,6-Tetra-O-methyl-D-mannose and 2,3,4,6-Tetra-O-methyl-pb-galactose 

A part of the sirup (5 mg) obtained from test tubes 14 and 15 was demethylated (19) 
by heating with 48% hydrobromic acid. The resulting ‘sirup obtained after the usual 
treatment, on paper chromatographic analysis using solvent A, gave spots corresponding 
to those for D-mannose and D-galactose along with spots for partially methylated sugars. 
The mixture of sugars, when examined chromatographically using solvent E, gave spots 
having Ry values corresponding to those of 2,3,4,6-tetra~-O-methyl-D-mannose and 
2,3,4,6-tetra-O-methyl-p-galactose. The remaining sirup was separated on Whatman 
No. 3 MM paper using solvent E. The zones corresponding to the two tetramethyl 
sugars were eluted and evaporated. 

The 2,3,4,6-tetra-O-methyl-D-mannose component, having [a]p*® +3° in water (c, 0.5), 
lit. +1.2° (20), +2.4° (21) was characterized by converting it to the anilide, m.p. and 
mixed m.p. 143-144°, lit. 142-143° (22), 144-145° (23); [a]p?® —38° in acetone (c, 0.5), 
lit. —38.9° (22). The 2,3,4,6-tetra-O-methyl-p-galactose, obtained as a sirup having 
fa]lp®® +110° in water (c, 0.5), lit. +109.5° (24), was converted into N-phenyl-2,3,4,6- 
tetra-O-methyl-p-galactosylamine in the usual way, m.p. and mixed m.p. 187-189°, 
lit. 186-188° (25), 188-190° (26), 192° (27); [a]lp*! +40° in acetone (c, 0.5), lit. +39° 
(26), +40.7° (27). 

Identification of 2,3,6-Tri-O-methyl-D-mannose 

The 2,3,6-tri-O-methyl-pb-mannose component (69.2 mg) from test tube 16, which was 
chromatographically pure, had [a]p*®° —9° in water (c, 1), lit. —13° (28), —10° (29). It 
afforded 2,3,6-tri-O-methyl-D-mannose-1,4-di-p-nitrobenzoate (30), m.p. and mixed m.p. 
189-190°, lit. —191° (28); [a]p*® —35° in chloroform (c, 1), lit. —33° (30). 


Identification of 2,3,6-Tri-O-methyl-D-galactose 
The 2,3,6-tri-O-methyl-p-galactose component from test tubes 18 and 19, which was 
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found to be chromatographically pure, having [a]p*® +89° in water (c, 1), lit. +87° (31), 
+78° (32), +80° (33), was obtained as sirup. It was converted to 2,3,6-tri-O-methyl-p- 
galactonolactone, m.p. and mixed m.p. 97—98°, lit. 99° (31), 101° (35), 97-98° (34); 
[a]p*® —28° in water (c, 1), lit. —28° (31), —21.3° (34). 


Examination of the Mixture of 2,3,6-Tri-O-methyl-D-mannose and 2,3,6-Tri-O-methyl-p- 
galactose 
The sirup obtained from test tube 17 (80.7 mg) on demethylation in the above manner 
gave D-galactose and D-mannose together with partially methylated sugars when examined 
chromatographically using solvent A. On paper chromatographic separation of the same 
sirup using solvent E, two spots were detected corresponding to 2,3,6-tri-O-methyl-p 
mannose and 2,3,6-tri-O-methyl-D-galactose. 


Identification of Di-O-methyl-sugar 

The sirup (30.1 mg) obtained from test tubes 21-24, having specific rotation —55° 
in water (c, 1) was chromatographically homogeneous and gave on demethylation in 
the usual way, only D-galactose. No anilide could be prepared. Rynamnose Value (10) (1.30) 
in solvent D does not correspond to any known di-O-methyl-p-galactose (2,4; 2,6; 3,4; 
4,6). 


Quantitative Estimation of Methyl Sugars 
A small quantity of the mixture of methylated sugars (ca. 10 mg) was separated by 
paper chromatography using solvent E. The zones corresponding to each methyl sugar 
were eluted and estimated by alkaline hypoiodite method (9). The molar ratio of various 
methyl sugars determined in duplicate experiments were as follows: 
2,3,4,6-tetra-O- methyl -D-mannose : 2,3,4,6-tetra-O- methyl -D-galactose : 2,3,6-tri-O- 
methyl -D-mannose : 2,3,6-tri-O-methyl-D-galactose: di-O-methyl galactose is as 
0.51:0.5:5.52:1.51:1. 
Periodate Oxidation 
The polysaccharide (94.8 mg) was treated with 0.1 N sodium metaperiodate (100 ml) 
and the reaction was carried out in dark at 25°. The liberated formic acid and the periodate 
consumed in the reaction were estimated in the usual way (36). After 37 hours the 
liberation of formic acid became constant, corresponding to 7.86 hexose residues per 
1 mole of formic acid and after 44 hours the periodate uptake became constant corre- 
sponding to 1.03 moles of periodate per hexose residue. 


Reduction of the Periodate-Oxidized Galactomannan 

The periodate-oxidized galactomannan was neutralized with barium hydroxide and 
filtered and to the clean solution (150 ml) sodium borohydride (200 mg) was added. The 
reduction was allowed to proceed for 3} hours at room temperature. The resulting 
solution was treated in the usual way and the sirup obtained was examined chromato- 
graphically using solvent F and spray reagent D. Four spots corresponding to erythritol, 
threitol, glycerol, and D-galactose were detected. 

The above mixture was separated on Whatman No. 3 MM filter paper using solvent 
F. The zones corresponding to glycerol, erythritol, threitol, and galactose were eluted 
separately and evaporated to sirups. Glycerol and erythritol were characterized through 
their crystalline tri- and tetra-tosyl derivatives respectively. Tri-O-tosyl-glycerol, m.p. 
and mixed m.p. 102—104°, lit. 103-104° (37). Tetra-O-tosyl-erythritol, m.p. and mixed 
m.p. 164-165°, lit. 165-166° (37). Threitol was characterized as dibenzylidine threitol, 
m.p. 219-221°, lit. 221-223° (38). The galactose was identified by observing its optical 
rotation [a]p*° +80.0° in water (c, 0.5). 
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Quantitative Estimation of D-Galactose and Polyhydric Alcohols 

The mixture was separated quantitatively by paper chromatography. p-Galactose 
was estimated by phenol — sulphuric acid method (39) and the polyhydric alcohols by 
oxidation with periodate followed by the determination of formaldehyde with chromo- 
troptic acid (40). The ratio of the components of the hydrolyzate is glycerol (1 mole), 
galactose (0.9 mole), erythritol (6.8 moles), threitol (1.9 moles). 
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CONTRIBUTION A L’ETUDE DE LA REACTION DE VON RICHTER 
III. SUR LA REACTION AVEC DIVERS NITRONAPHTALENES! 


E. CuLLEN? Et Pu. L’Ecuver 


RESUME 


Dans la réaction de von Richter avec les dérivés du naphtaléne, le rendement des acides 
naphtoiques formés est nettement inférieur a celui des acides benzoiques obtenus dans la série 
du benzéne. Par contre, des aminoamides se trouvent parmi les produits de la réaction et, 
lorsque celle-ci est exécutée dans des conditions bien définies avec le 1- -nitronaphtaléne ou le 
1-chloro-4-nitronaphtaléne, deux substances, C22H1eO3N, et Co2H14O3N.Cle, peuvent étre 
isolées. Ces derniéres pourraient étre des intermédiaires de la réaction, puisqu’elles se trans- 
forment respectivement en acides 2-naphtoique et 4-chloro-2-naphtoique, lorsqu’elles sont 
traitées selon les conditions de la réaction de von Richter. 


Au cours de travaux précédents (1, 2) nous avons établi la structure de quelques 
composés neutres et acides qui sont isolés parmi les produits de la réaction de von Richter 
avec le nitrobenzéne ou le p-chloronitrobenzéne. Lorsque cette réaction est exécutée a 
partir de dérivés nitrés du naphtaléne, l’acide naphtoique qui se forme est difficile a 
purifier directement (3). Nous y sommes aisément parvenus, en extrayant au benzéne 
les produits acides dans un Soxhlet, en évaporant l’extrait a siccité et en cristallisant 
ensuite l’acide dans le xyléne. 

En variant les conditions expérimentales de la réaction avec le 1-chloro- ou le 1-bromo- 
4-nitronaphtaléne, nous avons vérifié que les meilleurs résultats s’obtiennent dans |’alcool 
a 75 au lieu de 48% et avec le cyanure de sodium plutdét qu’avec le cyanure de potassium 
(Tableau I). La réaction est plus rapide avec les nitronaphtalénes qu’avec les nitro- 
benzénes. 

Aprés la réaction avec le 1-chloro-4-nitronaphtaléne, outre l’acide 4-chloro-2-naph- 
toique de p.f. 241° (4), nous avons recueilli une substance fondant 4 235-236°, qui, 
d’aprés son analyse élémentaire et son poids moléculaire, posséde la formule empirique 
CyH ,ON-Cl. Cette substance traitée a l’ébullition par la potasse dans le glycol dégage 
de l'ammoniac et forme un sel. L’acide Cy1.Hs02NCl, qui en est obtenu par neutralisation 
de ce sel, cristallise dans le xyléne et fond a 252°. Cet acide contient une fonction amine 
primaire qui peut étre éliminée par diazotation pour donner naissance 4 |’acide 4-chloro- 
2-naphtoique. La substance de p.f. 235-236° est donc la 4-chloro-1-amino-2-naphtamide 
(a). 

Nous avons obtenu de la méme fagon, a partir du 1-bromo-4-nitronaphtaléne, la 
4-bromo-l-amino-2-naphtamide de p.f. 226°, et l’acide 4-bromo-2-naphtoique fondant 
a 245-246°. 

Avec le 1-nitronaphtaléne nous avons isolé l’acide 2-naphtoique et une amide de 
formule brute CyHiONe, fondant 4 192-193°. Celle-ci est la 1-amino-2-naphtamide, 
puisque par hydrolyse nous en avons obtenu I’acide 1-amino-2-naphtoique de p.f. 202- 
205° (5). Avec le 5-bromo-1-nitronaphtaléne nous avons recueilli un peu d’acide 5-bromo- 
2-naphtoique de p.f. 249-250° (6), et une amide, Cu HyON.Br, de p.f. 246°, qui ne peut 
étre que la 1-amino-5-bromo-2-naphtamide. 

1Manuscrit regu le 11 octobre 1960. 

Contribution du Département de Chimie, Faculté des Sciences, Université Laval, Québec, Qué. 


*Bénéficiaire de bourses d'études accordées par le Conseil national de Recherches du Canada, les firmes C.I.L. 
et Shell Oil et l’Office de Recherches scientifiques de la Province de Québec. 
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Aprés la réaction avec le 1-chloro-3-nitronaphtaléne, nous n’avons pas décelé la 
présence d’acide 1-chloro-2-naphtoique dans le mélange de produits obtenus. Nous 
n’avons recueilli qu’un peu d’acide 4-chloro-1-naphtoique et une substance, Ci3H;gONCI, 
fondant 4 103-104° (33% de la théorie). Ce composé doit étre le 2-éthoxy-4-chloro-1- 
naphtonitrile (6); car il est reconnu que, au cours de la réduction de dérivés nitrés du 
benzéne en milieu alcoolique, le groupement alcoxyle peut occasionnellement (7) substituer 
un groupe nitré. D’autre part, le groupe nitrile doit entrer en position 4 du 1-chloro-3- 
nitronaphtaléne plutét qu’au sommet 2, parce que la localisation de la double liaison 
aux positions 2,3 exige 15 kcal/mole de plus qu’en 1,2 (8) et que I’acide 1-chloro-2- 
naphtoique ne se forme pas au cours de la réaction. 
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La réaction du 1-chloro- ou du 1-bromo-2-nitronaphtaléne avec les cyanures alcalins 
dans l|’éthanol aqueux n’a fourni que 14% de produits acides et aucun produit neutre. 
Méme aprés avoir été bouilli 4 reflux pendant 48 heures, 50% du matériel de départ n’a 
pas encore réagi. Quant au produit acide obtenu, il s’agit du 2-nitronaphtol. 

Durant |’ébullition a reflux d’une solution de 1-chloro-4-nitronaphtaléne et de cyanure 
de potassium dans l’éthanol 4 48%, il se forme un précipité verdatre (r) (environ 10% 
du produit de départ). Celui-ci n’apparait pas lorsque la réaction est exécutée dans 
l’alcool 4 75%, et le rendement de I’acide 4-chloro-2-naphtoique est alors deux fois plus 
élevé (Tableau I). 

Une substance non-chlorée analogue (r’) prend aussi naissance, lorsqu’une solution de 
1-nitronaphtaléne et de cyanure de potassium dans l’éthanol 4 75% est gardée pendant 
un mois a une température variant de 5 a 25°. Il semble que l'emploi d’éthanol dont la 
concentration est supérieure 4 50% ou une élévation de la température de réaction 
favorise la transformation de ces substances et empéche de les isoler. 
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TABLEAU I 
Réaction de 1-halo-4-nitronaphtalénes avec le cyanure de potassium ou de sodium dans divers solvants 

















Produits 
” oO 
Acides 
Temps 
4-Nitronaphtaléne Solvant Cyanure (heures) Neutres Bruts 4-Halo-2-naphtoique 
1-Chloro- Bthecel 48% KCN 48 50 31 3.5 
‘ thanol 48% KCN 2 50 34 3.5 
~ Ethanol 99% KCN 4 4 9 Traces 
an Ethanol 75% KCN 4 66 35 6.0 
Ethanol 75% NaCN 4 64 42 7.6 
‘ Ethanol 48% NaCN 4 — 31 5.7 
zz Glycol 70% KCN 5 -- 20 Traces 
- Glycol 90% KCN 4 — 50 0.0 
se Dioxane 50% KCN 4. _ 31 4.0 
1-Bromo- Sihenst 48% KCN 4 63 26 3.4 
#3 thanol 75% KCN 4 - 33 5.0 
" Ethanol 75%  NaCN 4 73 27 7.0 





Ces composés 7 et r’ sont insolubles dans les bases et les acides dilués, presque insolubles 
dans les solvants organiques usuels, mais solubles 4 chaud dans la potassse alcoolique. En 
solution dans I’acide sulfurique concentré ils donnent une forte coloration bleue. L’analyse 
centésimale du premier (7), p.f. 308°, correspond a la formule empirique Co2H,4O3N4Clo; 
celle du second (r’), p.f. 266°, a la formule brute Co2HigQ3N,. 

Le spectre infrarouge de la substance r suggére qu’elle posséde une fonction amide 
primaire (bandes d’absorption 4 3410, 3220 et 1655 cm). Ces substances pourraient 
étre respectivement le 4,4’-dichloro-2,2’-dicarbamylazoxynaphtaléne (I) et le 2,2’-di- 
carbamylazoxynaphtaléne (II). Elles sont probablement des intermédiaires de la réaction. 
En effet, en solution dans le glycol, elles sont saponifiées par l’hydroxyde de potassium 
en dégageant de l’'ammoniac, et se transforment respectivement en l’acide 4-chloro-2- 
naphtoique et l’acide 2-naphtoique. Nous tentons présentement d’éclaircir ce point. 





 '} © _. 
— t a 
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DISCUSSION DES RESULTATS 

De tous les dérivés nitrés du naphtaléne qui ont été essayés, le 2-nitronaphtaléne est 
celui qui, dans les conditions de la réaction de von Richter, donne le plus fort pourcentage 
d’acide, soit 14% (3) et, dans ce cas, seul l’acide 1-naphtoique est obtenu. II y a deux 
positions ortho libres auxquelles l’ion cyanure peut se fixer, mais la localisation d’une 
double liaison en position 2,3 du naphtaléne exige 15 kcal/mole de plus qu’en 1,2 (8). 

Pour le 1-nitro- et le 2-nitro-naphtaléne, on peut présumer que la réactivité ne dépend 
que de la polarisabilité du sommet attaqué. Avec le 1-nitronaphtaléne, l’activation par 
le groupe nitré est utilisée, en partie du moins, pour neutraliser le supplément d’énergie 
de polarisation que requiert le sommet 2 par rapport au sommet 1, soit environ 3 kcal/ 
mole (9). L’effet ortho, dQ au voisinage de l’hydrogéne péri et du groupement nitré, 
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empéche, sans doute par défaut de coplanéité, la transmission totale des effets électroniques 
du noyau vers la position 2 (10). 

Il est A noter que, grace a l’activation d’un atome d’halogéne en position para du 
groupe nitré, le rendement de I’acide naphtoique augmente considérablement. II est de 
8% dans le cas de Il’acide 4-chloro-2-nitronaphtoique obtenu a partir du 4-chloro-1- 
nitronaphtaléne, alors qu’il n’est que de 1% pour Il’acide 5-bromo-2-naphtoique produit 
par le 5-bromo-1-nitronaphtaléne dans lequel l’effet de l’'atome de brome ne peut se 
faire sentir en position 2. 

La réaction avec le 2-nitro-1-chloronaphtaléne confirme la résistance du sommet 3 a 
l’attaque des réactifs et il est 4 propos de faire ici un rapprochement avec le 2-naphtol. 
On sait, en effet, que les réactions de ce dernier (par exemple, le couplage avec les diazo- 
iques) intéressent toujours le sommet 1 et non la position 3 et que, parallélement au cas 
précédent, l’occupation de la position 1 conduit, s’il y a réaction, a |’élimination du 
groupe substituant a ce sommet. ; 

Enfin, en ce qui concerne la réaction avec le 1-chloro-3-nitronaphtaléne, on constate 
une désactivation importante par l’atome de chlore, son effet électromére neutralisant 
celui du groupe nitré. Pour les mémes raisons que précédemment, il faut rejeter la 
possibilité que l’ion cyanure se fixe en position 2 et, par conséquent, que se forment le 
1-chloro-3-éthoxy-2-naphtonitrile et l’acide 1-chloro-2-naphtoique. 

Dans les réactions avec les nitronaphtalénes, les faibles rendements en acides naph- 
toiques ne semblent pas attribuables a la difficulté que-l’ion cyanure éprouve 4 se fixer 
au noyau du naphtaléne, mais plut6t A une modification des étapes subséquentes. En 
effet, nous avons observé que méme si |’on abaisse le pH de la solution en y faisant 
passer un courant d’anhydride carbonique durant la réaction du 1-chloro-4-nitronaph- 
taléne, le groupe nitrile se fixe quand méme; mais, alors que le rendement de la 4-chloro- 
1-amino-2-naphtamide s’accroit du double (14%), celui de l’acide naphtoique devient nul. 


PARTIE EXPERIMENTALE®? 


Le 1-chloro- et le 1-bromo-4-nitronaphtaléne, le 1-chloro- et le 1-bromo-2-nitronaphta- 
léne ainsi que le 2-chloro-1-nitronaphtaléne ont été préparés selon Hodgson et Walker 
(11). Ces composés cristallisent beaucoup mieux dans la ligroine (Eb = 65-110°) que 
dans |’éthanol tel que suggéré. 

Le 1,8-dinitro-4-chloronaphtaléne a été préparé selon Bassilios (12), le 1-nitro-5- 
bromonaphtaléne selon McLeish et Campbell (13), le 1-chloro-3-nitronaphtaléne, selon 
Hodgson et Elliott (14), la 8-nitro-l-naphtylamine selon Hodgson et Davey (15), la 
1-nitro-2-naphtylamine selon Saunders et Hamilton (16), la 4- et la 2-nitro-1-naphtyl- 
amine selon Hodgson et Walker (17), le 1-nitronaphtaléne selon Berkebile et Fries (18) 
et, finalement, le 2-nitronaphtaléne par désamination de la 2-nitro-1-naphtylamine 
d’aprés la méthode générale de Hodgson et Walker (11). 


AVEC LE 1-CHLORO-4-NITRONAPHTALENE 


Un mélange de 1-chloro-4-nitronaphtaléne (2.0 g), de cyanure de sodium (8.0 g) et 
d’éthanol a 75% (100 ml) est chauffé a reflux durant 4 heures et ensuite versé dans 300 ml 
d’eau. On essore la suspension et recueille 0.98 g d’un produit neutre brun-verdatre et 

3Les points de fusion (p.f.) ont été pris en tubes capillaires et ne sont pas corrigés. Les spectres infrarouges 
ont été déterminés au moyen d’un spectrométre Beckman IR-4; le solide était mélangé a du bromure de potassium 


et pressé; seules les bandes servant a l’identification du composé sont indiquées; les valeurs en cm correspondent 
au maximum d’absorption. Les microanalyses ont été effectuées par M. W. Manser, Ziirich, Suisse. 
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un filtrat. En épuisant le filtrat 4 l’éther, on peut obtenir une quantité additionnelle 
(0.30 g) du produit neutre, ce qui donne en tout 1.28 g. 


Acide 4-chloro-2-na phtoique 

Le filtrat est d’abord chauffé pour en chasser les derniéres traces d’éther, puis refroidi 
et acidifié par addition d’acide chlorhydrique. Les acides précipités (0.837 g) sont essorés 
et extraits au benzéne dans un Soxhlet. L’extrait est traité avec un peu de noir animal, 
filtré et évaporé a siccité. Le résidu, cristallisé dans le xyléne, fournit 0.152 g (7.6% de la 
théorie) d’acide 4-chloro-2-naphtoique de p.f. 241°. Recristallisé dans l’acide acétique et 
ensuite le xyléne, l’acide fond 4 244° (p.f. lit. 241° (14)). 


4-Chloro-1-amino-2-naphtamide 

Le produit neutre (1.28 g) est extrait au benzéne dans un Soxhlet et l’extrait évaporé 
a siccité. Cristallisé successivement dans le xyléne et l’acide acétique 4 95% (noir animal), 
le résidu donne la 4-chloro-1-amino-2-naphtamide (0.12 g) sous forme d’aiguilles crémes 
de p.f. 235-236°. Recristallisée dans le xyléne, elle fond 4 236-237°. Calculé pour CyH,- 
ON,CI: C, 60.32%; H, 4.832%; N, 12.67%. Trouvé: C, 59.87%; H, 4.11%; N, 12.70%. 


Acide 4-chloro-1-amino-2-na phtoique 

De la 4-chloro-1-amino-2-naphtamide (0.227 g) et de l’hydroxyde de potassium (1.0 g) 
sont dissous dans le glycol (20 ml) et chauffés a4 reflux pendant 23 heures. La solution 
jaune pale est ensuite refroidie, diluée par l’eau et acidifiée. L’acide 4-chloro-1-amino-2- 
naphtoique filtré et séché cristallise dans le xyléne en aiguilles crémes de p.f. 250°. Cal- 
culé pour Cy,HsO2.NCI: C, 59.60%; H, 3.64%; N, 6.32%. Trouvé: C, 59.45%; H, 3.60%; 
N, 6.12%. 

Cet acide (0.290 g) donne, par désamination suivant la méthode générale de Hodgson 
(11), l’acide 4-chloro-2-naphtoique (0.113 g) qui cristallise dans le xyléne en aiguilles 
de p.f. 242°. Le point de fusion mixte de cet acide et de l’acide isolé aprés la réaction 
de von Richter avec le 1-chloro-4-nitronaphtaléne n’est pas abaissé et les spectres infra- 
rouges des deux échantillons sont superposables. 


Composé C22H,4O3N4Clz (r) 

Lorsque la réaction de von Richter avec le 1-chloro-4-nitronaphtaléne (2.0 g) est 
effectuée dans I’alcool a 48 au lieu de 75%, il se forme durant |’ébullition a reflux un pré- 
cipité vert (7) (0.20 g) qui est recueilli en filtrant 4 chaud. Le filtrat, traité comme pré- 
cédemment, donne 5% de 4-chloro-1-amino-2-naphtamide mais seulement 3% d’acide 
4-chloro-2-naphtoique. 

Le produit vert (7) est insoluble dans les bases et les acides dilués et la plupart des 
solvants organiques. II cristallise dans un mélange de N,N-diméthylformamide et de 
xyléne (4:1) (noir animal) en minuscules aiguilles jaune-verdatre de p.f. 308°. Calculé 
pour Co2H,4O3N4Cle: C, 58.29%; H, 3.11%; N, 12.36%. Trouvé: C, 58.34%; H, 3.19%; 
N, 12.33%. Les résultats de cette analyse correspondent exactement a la formule du 
4,4’-dichloro-2,2’-dicarbamylazoxynaphtaléne, mais les tests ne confirment ni la présence 
du groupe azoique, ni celle du groupement azoxyque. Spectre infrarouge: 1655, 3220 et 
3410 cm (—CONH,). 

Ce composé (0.50 g) en solution dans le glycol est saponifié par l’hydroxyde de potassium 
(1.5 g) en faisant bouillir 4 reflux pendant 3 heures. Le dégagement d’ammoniac terminé, 
le produit de la réaction est refroidi et acidifié et l’acide (0.20 g) essoré. Celui-ci cristallise 
dans le xyléne (noir animal) en aiguilles crémes fondant a 241°. Un point de fusion mixte 
de cet acide avec l’acide 4-chloro-2-naphtoique authentique n’est pas abaissé. Les spectres 
infrarouges des deux sont identiques. 
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AVEC LE 1-BROMO-4-NITRONAPHTALENE OU LE 5-BROMO-1-NITRONAPHTALENE 


En opérant dans I’alcool 4 75%, comme il est décrit précédemment pour le 1-chloro- 
4-nitronaphtaléne, on obtient avec le 1-bromo-4-nitronaphtaléne un acide A et une 
amide B, et avec le 5-bromo-1l-nitronaphtaléne, un acide 1A et une amide 1B. 


Acide 4-bromo-2-na phtoique 

L’acide A est extrait au benzéne dans un Soxhlet, l’extrait évaporé a siccité et le 
résidu sublimé 4 250° sous 12 mm de mercure. L’acide 4-bromo-2-naphtoique (0.142 g) 
(7.1% de la théorie) ainsi obtenu, cristallise dans : benzéne en aiguilles crémes de p.f. 
245-246°. Calculé pour CyH,;O.Br: C, 52.62%; H, 2.81%; Br, 31.83%. Trouvé: C, 
52.74%; H, 2.81%; Br, 30.95%. 


4-Bromo-1-amino-2-naphtamide 

L’amide B (1.20 g) est extraite au xyléne dans un Soxhlet, l’extrait évaporé a siccité 
et le résidu cristallisé successivement dans l’acide acétique et le toluéne. La 4-bromo-1- 
amino-2-naphtamide (environ 6% de la théorie) cristallise en aiguilles de p.f. 226°. Cal- 
culé pour CyH,ON;Br: C, 49.80%; H, 3.40%; N, 10.60%. Trouvé: C, 49.67%; H, 3.55%; 
N, 10.48%. 


Acide 5-bromo-2-na phtoique 

L’acide 1A est extrait au tétrachlorure de carbone dans un Soxhlet et |’extrait évaporé 
a siccité. Le résidu cristallisé dans le toluéne (noir animal) fournit l’acide 5-bromo-2- 
naphtoique en aiguilles jaunes pales, de p.f. 249-250° (p.f. lit. 248-250° (10)). 


1-Amino-5-bromo-2-naphtamide 

L’amide 1B est extraite au xyléne dans un Soxhlet et l’extrait est traité au noir 
animal, concentré et refroidi. La 1-amino-5-bromo-2-naphtamide précipitée, est filtrée 
et cristallisée dans l’acide acétique. On en obtient 0.234 g (7.0% de la théorie) sous 
forme d’aillures jaunes pales de p.f. 246°. Calculé pour C,H,ON.Br: C, 49.80%; H, 
3.40%; N, 10.60%. Trouvé: C, 49.92%; H, 3.49%; N, 11.55%. 


AVEC LE 1-CHLORO-3-NITRONAPHTALENE 


La réaction est effectuée comme précédemment dans 20 ml d’éthanol 4 75% 4a partir 
de 0.512 g de 1-chloro-3-nitronaphtaléne et 2.0 g de cyanure de sodium. La solution est 
ensuite diluée par l’eau 4 100 ml. Il précipite alors un produit neutre jaune-orangé qui 
est essoré (0.44 g). Le filtrat est acidifié et fournit 0.050 g d’acide. 


2-Ethoxy-4-chloro-1-naphtonitrile 

Le produit neutre se sublime entre 90 et 200° sous 12 mm de mercure. Le sublimé 
cristallise dans l’éthanol en aiguilles de couleur jaune-orangé de p.f. 103-104°. C’est le 
2-éthoxy-4-chloro-1-naphtonitrile (0.103 g; 18% de la théorie). Calculé pour Ci;HisONCI: 
C, 67.39%; H, 4.35%; N, 6.05%. Trouvé: C, 67.30%; H, 4.50%; N, 6.12%. 


Acide 4-chloro-1-naphtoique 

Le produit acide est sublimé sous 12 mm de mercure entre 120 et 160°. On recueille 
l’acide 1-chloro-4-naphtoique qui, cristallisé dans l’acide acétique, puis dans le benzéne, 
fond a 224° (p.f. lit. 223-224° (19)). 


AVEC LE 1-NITRONAPHTALENE 


Aprés avoir fait bouillir 4 reflux une solution de 1-nitronaphtaléne (5.0 g) et de cyanure 
de sodium (15 g) dans de |’éthanol 4 50% (200 ml), on obtient, en extrayant a 1’éther 
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le mélange de la réaction dans un extracteur liquide — liquide, une amide dans la phase 
éthérée et un produit acide dans la phase aqueuse. En acidifiant cette derniére, la majeure 
partie des acides (2.05 g) précipite. Une quantité supplémentaire d’acide (0.167 g) peut 
étre obtenue en procédant comme il a déja été décrit précédemment pour la réaction 
avec le p-chloronitrobenzéne (1). 


Acide 2-naphtoique 

Le produit acide (2.24 g) est extrait a la ligroine (Eb = 65-110°) et l’extrait bouilli 
avec un peu de noir animal, filtré et concentré. L’acide 2-naphtoique (0.108 g) cristallise 
en aiguilles de p.f. 184—185° (p.f. lit. 185° (20)). 


1-Amino-2-naphtamide 

L’extrait éthéré est évaporé au bain-marie et le résidu dilué par l’eau et acidifié par 
l’acide acétique. Le précipité est essoré, séché, extrait au benzéne et traité au noir 
animal. Aprés deux cristallisations dans le benzéne, la 1-amino-2-naphtamide (0.124 g; 
2.3% de la théorie) apparaft sous forme d’aiguilles lustrées de teinte jaune pale, fondant 
a 193-194°. Calculé pour CyHiwONe: C, 70.96%; H, 5.41%; N, 15.05%. Trouvé: C, 
71.08%; H, 5.29%; N, 14.96%. 


Acide 1-amino-2-na phtoique 

La 1l-amino-2-naphtamide (0.097 g) est hydrolysée par l’hydroxyde de potassium 
(0.50 g) dans le glycol (5 ml) en acide 1-amino-2-naphtoique qui cristallise dans l’acide 
acétique en aiguilles crémes de p.f. 205° (p.f. lit. 202—205° (5)). 


Composé Co2F603N 4 (r’) 

Lorsqu’une solution de 1-nitronaphtaléne (10.0 g) et de cyanure de potassium dans 
V’éthanol a 75% (100 ml) séjourne alternativement a la température ambiante pendant 
24 heures et au réfrigérateur 4 5° pendant une semaine durant une période d’un mois, 
il se forme un solide qui cristallise dans un mélange de N,N-diméthylformamide et de 
xyléne (3:1) en aiguilles jaune-verdatre de p.f. 266°. Calculé pour C22His03N,: C, 68.74%; 
H, 4.20%; N, 14.58%. Trouvé: C, 68.88%; H, 4.24%; N, 14.61%. Les résultats de 
l’analyse centésimale correspondant a la formule du 2,2’-dicarbamylazoxynaphtaléne; 
mais ni la présence du groupe azoique, ni celle du groupement azoxyque, n’a pu étre 
vérifiée. 

Cette substance saponifié par l’hydroxyde de potassium dans le glycol perd de l’'ammo- 
niac et donne I’acide 2-naphtoique dont le point de fusion (185°), aprés deux cristallisa- 
tions dans la ligroine (Eb = 65-110°), n’est pas abaissé lorsque l’acide est mélangé 
aun échantillon d’acide 2-naphtoique authentique. 


AVEC LE 2-NITRO-1-BROMONAPHTALENE OU LE 2-NITRO-1-CHLORONAPHTALENE 


2-Nitro-1-na phtol 

Le produit qui est obtenu en faisant bouillir (24 heures) du 2-nitro-1-bromonaphtaléne 
(4.7 g) et du cyanure de sodium (15 g) dans l’éthanol 4 50% est versé dans 500 ml d’eau. 
Le solide est essoré et cristallisé dans le 1,1-diméthyléthanol; c’est du 2-nitro-1-bromo- 
naphtaléne (60%) qui n’a pas réagi. En acidifiant le filtrat, le 2-nitro-1-naphtol est isolé. 
Cristallisé successivement dans la ligroine (Eb = 65-110°) et I’alcool, il forme des lamelles 
jaunes de p.f. 129° (p.f. lit. 128° (21)). Calculé pour CioH7O;3N: C, 63.49%; H, 3.73%; 
N, 7.41%. Trouvé: C, 63.64%; H, 3.89%; N, 7.58%. 

Le 2-nitro-1-chloronaphtaléne fournit aussi le méme naphtol. 
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AVEC LE CHLORO-4-NITRONAPHTALENE DANS UNE ATMOSPHERE D’ ANHYDRIDE 
CARBONIQUE 


La réaction de von Richter avec le 1-chloro-4-nitronaphtaléne (1.0 g) en solution 
dans l’alcool 4 75% (50 ml) dont le pH est maintenu constant par un courant d’anhydride 
carbonique, ne donne pas de produit acide. Quant au produit neutre, sublimé entre 150 
et 250° sous 12 mm de mercure, il donne 0.15 g d’une substance jaune, qui cristallise 
dans le xyléne en aiguilles de p.f. 235° et est identique 4 la 4-chloro-1-amino-2-naphta- 
mide, comme le montre le point de fusion mixte avec un échantillon de l’amide authentique. 
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IMPROVEMENTS IN THE ACIDOLYSIS PROCEDURE FOR LIGNIN ISOLATION AND 
IN THE PROCEDURE FOR THE ANALYSIS OF LIGNIN OXIDATION PRODUCTS 


J. M. PEPPER AND M. SIDDIQUEULLAH* 


Improvements in the Acidolysis Procedure for Lignin Isolation 

The acidolysis of wood meal, whereby an only moderately modified lignin fraction 
may be obtained in good yields in a short time, has proved of value in lignin research 
(1, 2). Recently some modifications have resulted in a simpler extraction procedure 
with resultant improved yields of lignin. Previously, after the initial acid-catalyzed 
dissolution of lignin into the dioxane-water (9:1) solvent medium, the procedure was 
to neutralize the acid with sodium bicarbonate, and then to obtain the lignin by first 
concentrating this solution and then precipitating the concentrate together with the 
bicarbonate sludge into a 1% sodium sulphate solution. Subsequent extensive washings, 
with water, of the precipitated lignin, gave rise to stable suspensions which would not 
clear even on prolonged centrifugation. Since large volumes of water were required to 
remove all the inorganic contaminants, an appreciable amount of lignin was lost in the 
discarded washings. ‘ 

It has now been observed that the lignin may be recovered without the use of either 
sodium bicarbonate or sodium sulphate. After acidolysis, the acidic extract was con- 
centrated under reduced pressure and the lignin in the concentrate was precipitated into 
a large excess of vigorously stirred water. The lignin settled readily in a coagulated 
state leaving a clear mother liquor. In subsequent water washing of the recovered lignin 
there was little tendency for a colloidal suspension to be formed. Indeed with fewer 
ions to be removed less washing was required. 

No significant difference could be detected in the analyses of lignin samples isolated 
from the same pre-extracted aspen wood meal under conditions of 0.2 N initial hydrogen 
chloride concentration and 0.5-hour extraction time, but using the two methods of 
purification. The color, infrared absorption spectra, methoxyl content, and percentage 
phenolic aldehydes obtained by alkaline nitrobenzene oxidation were very similar. This 
modified technique has been used successfully for the isolation of a lignin fraction from 
several woody plants and cereal straws. 


Modifications in the Analytical Procedure for the Alkaline Nitrobenzene Oxidation Products 
of Lignin 

The widely adopted procedure of Stone and Blundell (3) for the quantitative estimation 
of the phenolic aldehydes, vanillin, syringaldehyde, and p-hydroxybenzaldehyde resulting 
from the alkaline nitrobenzene oxidation of lignin has certain limitations. The oxidation 
mixture is not homogeneous and the presence of small oily droplets of nitrobenzene and 
its reduction products makes it difficult to pipette accurately the small aliquot sample 
of the aqueous phase that is required for spotting on the chromatographic paper. To 
overcome this difficulty, as well as to eliminate the step involving acidification of the 
paper using boiling acetic acid, it has been found preferable to use the following modi- 
fication. The alkaline reaction products were extracted continuously with ether to 


*Colombo Plan Fellow in Canada, 1957-1960. 
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remove excess nitrobenzene and its reduction products, then acidified, and further 
extracted with ether to remove the required lignin oxidation products. Solvent exchange 
with ethanol gave an alcoholic solution from which an aliquot was readily taken for 
the subsequent chromatographic separations. 

In the original publication (3) no mention was made of the need for proper equilibration 
of the chromatographic paper prior to use. Experience has shown that for best results 
this is an important consideration. It is recommended that all papers be equilibrated 
over water in a closed vessel, preferably for at least 2 days, and that during the charging 
of the samples much care be exercised to maintain this equilibrium. 


1. J. M. Pepper, P. E. T. Baytis, and E. Apter. Can. J. Chem. 37, 1241 (1959). 
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